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I have been engaged by Erasmus University to provide my opinion on certain issues 
concerning the above-identified application. I am being compensated at a rate of $ 450 
per hour to do so. 

My curriculum vitae ("cv") is attached as Exhibit A. 

I received a Bachelor of Arts, cum laude, honors in biology, from the University of 
Pennsylvania in 1973. I received my medical degree from the Mount Sinai School of 
Medicine, N.Y., N.Y. in 1977. 

I am currently the Vice President, Translational Research and Chairman, Department of 
Medical Oncology at the Fox Chase Cancer Center ("Fox Chase"), Philadelphia, 
Pennsylvania. I have been with Fox Chase since 1984. I have been Chairman of the 
Department of Medical Oncology since 1994; I have been Vice President, Translational 
Research since 2002. 

As Vice President of Translational Research, my duties includeconnecting laboratory 
science with clinical investigation to improve the diagnosis and therapy of cancer. I 
oversee the allocation of research funds to support novel technology development and to 
stimulate collaborations among bench researchers and clinical investigators. 
As is evident from my CV, I have been involved in immunology-focused research 
throughout my 30-year career, and have published extensively on immunology-focused 
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topics. I am a manuscript reviewer on numerous peer-reviewed journals including, for 
example, Journal of Immunotherapy, Nature Biotechnology, and Science. I have been an 
invited speaker at conferences regarding the protein engineering of monoclonal 
antibodies. 

7. I am also the inventor on several patent applications, including U.S. Patent Publication 
No. 20040071696 involving bispecific antibodies. 

8. I have reviewed the above-identified application. The correspondence with the examiner 
and the recent response from the inventor Dr. Grosveld. I am familiar with the involved 
technology, namely single heavy chain antibodies. Single heavy chain antibodies are 
antibodies composed of heavy chains only; no light chains are present. Functional heavy 
chain only antibodies are naturally produced by the camelid family and were first 
described by Hamers-Castermans in 1993 (Nature 363,446-448) (copy attached). 
Camelid VHH heavy chain only antibodies are unable to bind light chain due to the 
absence of the CHI domain. 

9. As single heavy chain antibodies are smaller in size than antibodies comprising full- 
length heavy and light chains, there has been much interest generated in their use for 
therapy, in particular the VHH antigen binding domain. Accordingly, there has been 
much interest in developing antibodies against specific antigens for administration to 
mammals other than camelids including, of course, humans. Camelid antibodies are 
likely to produce an immune response in man, so either camelid antibodies must be 
"humanized" after isolation from the camelid, or alternative routes devised to generate 
human or "camelised" human heavy chain only antibodies more suitable for human 
therapy. 

1 0. The present application reports, and claims, methods for producing single heavy chain 
antibodies in transgenic non-human mammals using the mouse as a model system. A 
immunoglobulin locus heavy chain locus engineered to prevent CHI expression is 
introduced into the germ-line using well established technology. Heavy chain only 
antibody is produced in a B-cell specific manner as expected in response to antigen 
challenge. 

11. To produce the antibodies, a transgene comprising a heavy chain locus comprising V, D 
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and J segments and heavy chain constant regions devoid of CHI is expressed in a non- 
human mammal. I understand that one requirement, as recited in the claims, is that the 
heavy chain locus comprises at least one V exon, at least one D exon, and at least one J 
exon, capable of recombining to form VDJ coding sequences. The ability of the V, D, 
and J exons to recombine is extremely important, as this is one of the mechanisms that 
facilitate diversity in naturally produced antibodies . Another requirement, as recited in 
the claims, is that the heavy chain locus be expressed in B cells such that VDJ 
rearrangement occurs in specialized antibody producing cells. Another requirement of 
the invention, as recited in the claims, is that the heavy chain locus, when expressed, does 
not express a functional CHI domain as part of the constant region. 

12. All claims of the above-identified application are currently under rejection by the U.S. 
Patent & Trademark Office ("the Office"). I have read the Final Rejection dated 
February 12, 2007. I have also read the Interview Summary dated June 1 , 2007; the 
Request for Reconsideration ("Request") filed June 25, 2007; and the Advisory Action 
Before the Filing of an Appeal Brief ("Advisory Action") dated July 9, 2007. 

13. In the Final Rejection, the Office rejected the claims under the following bases: 

1. for lack of enablement under 35 USC § 1 12, first paragraph; 

2. for being incomplete as omitting essential steps under 35 USC § 1 12, second 
paragraph; 

3. as anticipated by Ledbetter et al (WO 99/42077) under USC § 102(b); and 

4. for obviousness-type double patenting over the claims of copending 
Application No. 10/692,918. 

I have been asked to address bases 1 and 3 above. 

14. The first basis for rejection is further broken done into four issues. I will address the first 
three issues. The first issue appears to be that the specification only provides prophetic 
reference to most of the method steps, and does not provide any sequence information for 
the vectors (see page 6 of the Final Rejection). The Office's view is that undue 
experimentation would be required to practice the invention. I respectfully disagree. 

15. I have read Janssens et al., PNAS, USA, 103(41)15130-15135, October 10, 2006. It is 
clear from the successful experiments reported in Janssens et al., which were performed 



3 



DOCKET NO.: CARP0015-100 PATENT 
APPLICATION SERIAL NO. 10/693,308 

using the methods provided in the above-identified application, that the above-identified 
application provides sufficient detail for one of skill in the art to practice the invention. 

16. The Office acknowledges the disclosure in Janssens et al. in the Advisory Action, but is 
limiting its effect. The Office seems to be taking the position that Janssens et al. is only 
enabling for expression of the GA construct (IgG heavy chain) in a wild type background, 
and is only enabling for the production of antibody in response to antigen challenge in 
GA construct-containing mutant mouse. The Office states that the guidance provided by 
applicants invites others to try different existing transgenic knockout nonhuman animals 
incapable of producing antibodies that include light chains. (See the Advisory Action, 
page 4.) The Office provides no scientific reason to conclude that the MAGA construct, 
which Janssens et al. reports was expressed in the mutant mouse, would not also be 
expressed in wild type mouse. The Office also provides no scientific reason to conclude 
that the production of antibody in response to antigen challenge can only occur in mutant 
mice that do not produce light chain-containing antibodies. Regarding the first 
conclusion, I note that Janssens et al. report that the mutant mice produced some IgG, 
IgA, and IgE, i.e., antibodies that include light chains (p. 15130, col. 2, first full 
paragraph). Regarding the second conclusion, camelids produce both single heavy chain 
only antibodies and antibodies that include light chains, so it is clearly not necessary that 
the mammals be mutants that do not produce light-chain containing antibodies. As 
Janssens et al. confirms, the key components necessary for practicing the invention are 
set forth in the specification; the gene sequences introduced comprise all the necessary 
features required for the productive expression of heavy chain-only antibody (devoid of 
light chain) derived from heavy chain-only loci in the B-cells of transgenic mammals. 
The additional statement and data provided by Dr. Grosveld confirms this view. The data 
show that the MAGA locus is expressed in wt mice and that human IgM is produced. 

1 7. While the presence of suppressed endogenous heavy and light chain genes may be 
advantageous when selecting for antigen specific heavy chain-only antibodies against a 
background of endogenous immunoglobulin gene activity, it is clear that heavy chain 
only transgenes compete successfully with the endogenous genes active in the same B- 
cells, and allelic exclusion determines which loci will ultimately be used to express 
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functional antibody in the activated B-cell. Further, Janssens et al have shown that a 
camelised human locus comprising camelid VHH segments plus Human D and J 
segments plus human constant regions are functional and that camelised human heavy 
chain only antibody (IgM and/or IgG) circulates in plasma in genetic backgrounds where 
the endogenous mouse immunoglobulin genes are active, and that the same camelised 
human heavy chain only locus functions in a background (uMT) where endogenous 
mouse immunoglobulin gene activity has been suppressed. Moreover when the camelid 
VHH segments are replaced with human V segments, then fully human heavy chain only 
antibodies are produced in a wild type mouse background where the mouse heavy and 
light chain loci remain functional (See paragraph 5 of Dr. Grosveld's declaration, which I 
understand is being submitted concurrently.) The genetic background thus has no 
bearing on the enablement of this invention. 

1 8. The second issue is that the production of functional camelid heavy chain is 
unpredictable. The Office cites a recently published reference for support of its position - 
- DeGenst et al, Dev. Comp. Immunol, 30(1 -2): 187-98 (2006). The Office states that the 
reference reports that the timing and actual mechanism of class switching from mu to the 
dedicated gamma isotype in camelids remains elusive (see page 7 of the Final Rejection). 
Class-switching, however, is not a requirement of the method of the present invention. 
As Janssens et al. reports, the GA construct, which contains no mu exons, was 
successfully expressed (p. 15132). The Office also states that it is "not apparent from the 
specification whether a method as recited in claims would result in fully functional scIgG 
molecule" (see page 7 of the Final Rejection). Janssens et al., however, shows functional 
expression of both mu and gamma single heavy chain isotypes (Janssens et al Figure 6; 
three for IgM, many more for IgG, and all of these bind antigen, pp. 15132 and 15134). 

1 9. The present invention is about the derivation of heavy chain only antibody in the B-cells 
of transgenic mammals. The inventor has defined the gene sequences to be introduced 
and has demonstrated that, provided the CHI region is not expressed in the transgene(s), 
functional antibody is produced of the class or classes determined by the effector regions 
present in the transgene. This has been exemplified through the expression of heavy 
chain only IgM and IgG subtypes, or IgG subtypes alone, in different transgenic lines. It 
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is also clear that this is independent of the presence or otherwise of a functional 
endogenous immunoglobulin locus. 

20. The third issue is that the claims cover the use of any promoter, with any regulatory 
elements, in any non-human transgenic mammal. The Office alleges that, at the time of 
invention (which I understand to be at least April 24, 2001, the earliest priority date 
claimed), only the mouse was recognized by the art of record as a routinely manipulated 
animal, and that the art of record recognized the unpredictability of making transgenic 
animals other than mice (see page 8 of the Final Rejection). I do not agree that the art of 
record shows this. The Office is focusing upon levels of expression sufficient to show a 
particular phenotype. In the present invention, it is only important that heavy chain-only 
antibody expression occurs in B-cells. All that is required is sufficient gene expression 
to isolate the antibody mRNA or antibody. As reported in Janssens et al., antibodies can 
be isolated and subsequently characterised by hybridoma production or phage display 
libraries (p. 15133). Dr. Grosveld's declaration shows that human heavy chain-only 
antibody mRNA can be isolated and sequenced from the B-cells present in a few 
microlitres of blood, and this against a background of B-cells producing endogenous 
mouse antibody. Similarly, human heavy chain-only antibody can be identified 
circulating in plasma. 

2 1 . Moreover, the techniques used (i.e., PCR amplification of mRNA and DNA sequencing; 
antibody detection by Western blotting) were routine laboratory tools at the priority date. 
The invention results in the production of novel antibodies. Once identified and 
characterized, heavy chain only antibodies or fragments thereof can be amplified and 
manufactured using established technologies of no relevance to this invention. 

22. The second basis for rejection that I was asked to consider was the rejection for 
anticipation over Ledbetter et al. In the Final Rejection, the Office states that Ledbetter 
et al. anticipates claims 1 and 2. I am aware that, in order for a reference to anticipate a 
claim, it must disclose each and every limitation of the claim, and must be enabling. 
Specifically, the Office states that Ledbetter et al. discloses a method to produce VHH 
monoclonal and polyclonal antibodies in a transgenic animal in response to antigen 
challenge, citing page 33, para. 2-3 and page 34, para. 2 of Ledbetter et al. The Office 
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fUrther states that, since Ledbetter et al. contemplated producing monoclonal antibody by 
immunizing the transgenic mice, expression of the VHH heavy chain locus in B cells in 
response to antigen challenge is inherent. (See Final Rejection, page 15.) I have 
reviewed Ledbetter et al. and disagree with the Office's assessment. 

23. The concept of transgenic animals expressing llama VHH is first raised on p. 32 of 
Ledbetter et al. and refers to "the VHH sequences isolated by the methods disclosed 
herein." These are VHH binding domains derived from camelid mRNA and so are a 
result of transcription from already rearranged llama genes (see p. 44-46 section 8.1.2). 
Each VHH binding domain will comprise a VHH gene segment and D gene segment and 
J gene segment fused together as a single transcription unit. On p. 33, line 22, of 
Ledbetter et al., it is proposed that transgenic mice expressing VH binding domains 
"maybe used for the production of VHH to any antigen by immunizing transgenic 
animals with an antigen". This, however, is technically impossible -- the VHH binding 
domains are transcribed from already rearranged llama genes. 

24. As is clear from the above, V, D, J rearrangement, and subsequent affinity maturation, 
occurs in the camel. This follows the teaching of Hamers-Casterman et al, referenced 
above, who first described camelid heavy chain only antibodies, and whose work is the 
subject of many published US patents describing the generation and subsequent use of 
camelid antibodies. See, for example, U.S. Patent Nos. 6,838,254; 6,765,087; 6,015,695; 
6,005,079; 5,874,541; 5,840,526; 5,800,988; and 5,759,808. Ledbetter et al. then 
isolates a rearranged camelid gene (See Fig. 4) and proposes to reintroduce this into a 
transgenic mouse for the purpose of raising further novel antibodies in response to further 
antigen challenge. Such a gene, however, lacks all the features necessary for antibody 
diversity (e.g., multiple D and J regions) and cannot rearrange as it has been rearranged 
already. (See attached figure depicting the differences between Ledbetter et al. and the 
present invention.) Moreover, a recent publication from an independent laboratory has 
shown that, while such a rearranged gene can be expressed productively as a transgene in 
a mouse background (B-cell activation occurs) the resulting antibody retains all the 
features of the antibody originating from the camel (see Zou et al, "Expression of a 
dromedary heavy chain-only antibody and B cell development in the mouse," J Immunol. 



1 



DOCKET NO.: CARP0015-100 



PATENT 



APPLICATION SERIAL NO. 10/693,308 

2005 Sep 15;175(6):3769-79 (copy attached)). Thus, Ledbetter et al. fails to describe or 
generate a transgenic animal capable of producing heavy chain only antibody in response 
to antigen challenge. 

25. As I understand it, claims 1 and 2 of the above-identified application are claiming the 
production of a single heavy chain antibody having a camelid (VHH) variable region. 
The antibody is produced in response to challenge with a particular antigen and, thus, 
binds to that antigen. Janssens et al. reports that single heavy chain antibodies against E. 
coli hsp70, Bordetella pertussis, Tetanus toxoid, rtTA, and TNFa were obtained using the 
method of the invention (p. 15133, col. 2, and p. 15135, col. 1). In contrast, Ledbetter et 
al. does not disclose a method to produce VHH monoclonal and polyclonal antibodies in 
response to antigen challenge. Ledbetter generates camelid VHH antibodies in llama and 
then displays recovered VHH binding domains by phage display (see Figure 1, 
attached). Accordingly, Ledbetter et al. does not enable the production of antibody in 
response to antigen challenge from a heavy chain only locus in a transgenic animal and, 
thus, cannot anticipate claims 1 and 2. 

26. I hereby declare that all statements made herein are of my own knowledge true and 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under section 1001 of Title 18 of 
the United States Code and that such willful false statements may jeopardize the validity 
of the application or any patent issued thereon. 
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Cancer Panel Review Member, Doris Duke Distinguished Clinical Scientist Award (DCSA), 
2002. 

Chairman, UCSF U54 CA90788 External Advisory Committee, 2003 - Present 

Member, Israeli Cancer Research Foundation (ICRF) Scientific Review Panel, 2004 - Present 

Committee Member, Biologies Panel, NIH/NCI RAID, 2005 - Present 

Committee Member, NCLTranslational Research Working Group (TRWG) 2005 - 2007 

THESIS: Weiner, L.M.: Adaptive Responses of Mitochondria to Alterations in Ambient 

Oxygen Tension. Honors Thesis, Department of Biology, University of 
Pennsylvania; accepted May, 1973. 



SELECTED INVITED LECTURES : 
1986 

Cancer and Science VII - Fox Chase Cancer Center - April, 1986 
The Estelle Laska Memorial Series 

The American Cancer Society - Chester County Unit - April, 1986 

Sixth Annual Cancer Symposium - Western Reserve Care System - Youngstown, Ohio - April, 1986 
Schreiner Symposium on Colorectal Cancer - Seattle, WA - October, 1986 
Toward 2000, Philadelphia, PA, October, 1986 
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1987 

Medical Grand Rounds - Temple University - February, 1987 

Medical Grand Rounds - Robert Wood Johnson Medical School, Camden, New Jersey - October, 1987 
1988 

Biomodulation of Cancer - Society for Biological Therapy, San Francisco, California - November, 1988 
1989 

Review of Medical Oncology - Montefiore Medical Center, New York, New York - March 1989 
Monoclonal Antibody Conjugates - UCSD Cancer Center, San Diego, California - March 1989 
Tumor Conference - Christiana Medical Center, Wilmington, Delaware - October 1989 
1990 

Grand Rounds - Lankenau Hospital, Philadelphia, Pennsylvania - March 1990 

13th Annual Cancer Update - Marquette General Hospital, Marquette, Michigan - March 1990. 

Pittsburgh Cancer Institute Annual Symposium - University of Pittsburgh, Pittsburgh, PA - March 1990. 

Bispecific Antibody Targeting Tumor and FcyRUI, 2nd International Conference on Bispecific 
Antibodies and Targeted Cellular Cytotoxicity, Seillac, France - October 1990. 
1991 

Biotherapy of Cancer: A Symposium for Clinicians and Nurses. Hoag Memorial Hospital, 
Newport Beach, CA. - February, 1991 

European School of Oncology - Israel Cancer Association. Shoresh, Israel - October, 1991 
1992 

Eastern Cooperative Oncology Group Scientific Retreat - February, 1992 
Toward 2000 VHL Fox Chase Cancer Center, Philadelphia, PA - October, 1992 
1993 

FASEB Summer Conference, Saxtons River, VT - August, 1993 

Monoclonal Antibody Therapy of Cancer, Contemporary Issues in Hematology/Oncology, 
Univ. of Florida Health Science Center, Jacksonville, FL - November, 1993 

Fourth Annual International Conference on Antibody Engineering, Coronado, CA - December, 1993 
1994 

28th Annual Main Line Conference, Bryn Mawr, PA, April 1994 
Antibody-Based Therapeutics, Washington, D.C., June, 1994 
Bispecific Monoclonal Antibody Therapy - Washington, DC - June 1994 
1995 

Session Chair . 4th International Conference on Bispecific Monoclonal Antibody Therapy, 
Hawks Cay, FL - March, 1995 

Session Chair . Tenth International Conference on Monoclonal Antibody Immunoconjugates 
for Cancer, San Diego, CA - March, 1995 
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Chairperson . Poster Discussion Session, Bispecific Antibodies, Monoclonal Antibodies and 
Immunoconjugation, American Association for Cancer Research Annual Meeting, Toronto, 
Canada -March, 1995 

Targeted Cancer Therapy Using Engineered Antibodies, Cancer Biology Seminar, Arizona 
Cancer Center, Tucson, AZ - October, 1995 

Tumor-Targeting Properties of Anti-c-erbB-2 sFv, Therapeutic Antibody Technology 95 
Symposium, San Francisco, CA - October, 1995 

Session Chair and Speaker, Bispecific Anti-Her2/Neu Antibody Strategies, 10th Annual 
Meeting of the Society for Biological Therapy, Williamsburg, VA - November, 1995 

Engineered Antibodies for Cancer Therapy, University of Pennsylvania Cancer Center, 
Philadelphia, PA - December, 1995 

Targeted Therapy Using Engineered Antibodies, Multidisciplinary Clinical Conference, The 
Johns Hopkins Oncology Center, Baltimore, MD - December, 1995 

1996 

Session Chair and Speaker, Exploring and Exploiting Antibody and Ig Superfamily 
Combining Sites, Keystone Symposia, Taos, NM, February, 1996 

Targeted Therapy of Cancer Using Engineered Antibodies, Robert L. Krigel Memorial 
Lectureship, Lankenau Hospital, Wynnewood, PA - April, 1996 

Targeted Therapy Using Monoclonal Antibodies, University of Iowa Hematology-Oncology 
Grand Rounds, Iowa City, IA - May, 1996 

Monoclonal Antibody Therapy of Human Malignancies, The Second Annual Northern New 
Jersey Cancer Center Research Symposium, Experimental & Clinical Approaches in 
Oncology: Approaching the 21st Century, Teaneck, NJ - May, 1996 

Systemic Therapy for Rectal Cancer, Carcinoma of the Rectum: An Update for Physicians. 
William Beaumont Hospital, Royal Oak, MI - October, 1996 

Session Chair and Speaker, Modulating binding affinity to improve the tumor-targeting 
properties of monomeric single-chain Fv molecules. IBC's Seventh Annual International 
Conference on Antibody Engineering, Coronado, CA - December, 1996 

1997 

Phase I trial of escalating doses of taxol in combination with cisplatin, fluorouracil and 60 Gy 
radiation prior to esophagectomy, Poster Discussion Session, The Fox Chase Cancer Center 
and Free University Hospital Investigator's Workshop and Consensus Conference, Rio 
Grande, PR - March, 1 997 

1997 Program Committee and Session Chair , Immunobiology and Gene Therapy Session, 
American Society of Clinical Oncology (ASCO), Denver, CO - May, 1997 

Superantigen-targeted therapy: Phase I trials of PNU-214565, a fusion protein composed of 
staphylococcal enterotoxin A (SEA) and C242 Antibody Fab fragment in patients with 
advanced gastrointestinal malignancies, Speaker and Session Chairperson . IBC Conference 
on Antibody-Based Therapeutics, Boston, MA - June, 1997 

Antibody-targeted activation of cellular immunity. Speaker at Symposium on The future use 
of monoclonal antibodies in cancer therapy at ECCO 9 -The European Cancer Conference, 
Hamburg, Germany - September, 1997 

Targeted cellular therapy using bifunctional proteins. Department of Biochemistry, 
University of Virginia, Charlottesville, VA - October, 1997 
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1998 

Antibody-directed superantigen therapy. Speaker, 1 1th International Conference on 
Monoclonal Antibodies for Cancer, San Diego, CA- March, 1998 

Future directions: Review and outlook of Paclitaxel in esophageal cancer. Speaker, The Fox 
Chase Cancer Center and Free University Hospital Investigator's Workshop and Consensus 
Conference, St. Thomas, VI - March, 1998 

Engineering antibodies for cancer therapy. Speaker, Advances in the Applications of 
Monoclonal Antibodies in Clinical Oncology, Thira, Santorini, Greece - May, 1998 

Engineered antibodies for cancer therapy. Speaker, NMHCC's Bio/Technology Division's 
Cancer Immunotherapy & Gene Therapy Conference, Arlington, VA - June, 1998 

The development of monoclonal antibodies in medical oncology. Speaker, MD Anderson 
Cancer Center Medical Oncologist Consensus Conference on Future Directions with 
Herceptin for Breast Cancer, Wailea, Maui, HA - July, 1998 

Faculty, ASCO/AACR Workshop on Methods in Clinical Cancer Research, Vail, CO - July, 
1998 

Breast cancer therapies. 13 th annual Meeting of Society for Biological Therapy, University of 
Pittsburgh, Pittsburgh, PA -October, 1998 

Biological therapy of cancer. 23rd Annual Michael Wohl Memorial Lecture, Temple 
University School of Medicine, Philadelphia, PA - November, 1998 

Cancer Therapy using Engineered Antibodies. Speaker and Chairperson . EBC Ninth Annual 
International Conference on Antibody Engineering, Coronado, CA - December, 1998 

1999 

Clinical Strategies with Monoclonal Antibody Therapy, Speaker, Robert H. Lurie 
Comprehensive Cancer Center Oncology Consensus Conference on Recent Advances and 
Future Directions using Monoclonal Antibodies for B-Cell Malignancies, Kona, HA - 
January, 1999 

Antibody therapy. Visiting Professor and lecturer, Course: "Viruses, Cancer, and 
Immunology", Dept. of Biological Sciences, Lehigh University, Bethlehem, PA - February, 
1999 

Manipulation of antibody/effector cell interactions. Participant, Monoclonal Antibodies in 
Oncology meeting, Genzyme Transgenics Corp., Framingham, MA - February, 1999 

Monoclonal antibody therapy of cancer. 1 1 th Annual Cancer Progress Conference, New 
York, NY -March, 1999 

Therapeutic monoclonal antibodies for malignant disease. American Federation for Medical 
Research Symposium, Washington, DC - April, 1999 

Novel Approaches in Pancreas Cancer Treatment. Marc Lustgarten Foundation for Pancreas 
Cancer Research, New York, NY - April, 1999 

Targeted Cellular Cytotoxicity: The Vlth Int'l Conference in Bispecific Antibodies and 
Related Strategies for Targeted Immune Modulation, Conference Co-Chair and speaker, 
Pacific Grove, CA - July, 1999 

Faculty, ASCO/AACR Workshop on Methods in Clinical Cancer Research, Vail, CO - 
August, 1999 
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Bispecific Antibodies in Cancer Therapy. 1999 Oncology Frontiers Conference, Advisor and 
speaker, St. Thomas, US Virgin Islands - October, 1999 

2000 

Antibody-based fusion proteins as platforms for cancer therapy. Gordon Research 
Conference on Drug Carriers in Medicine & Biology, Ventura, CA - February, 2000 

Immunotherapy with Cytokines and Naked Antibodies. International Conference on 
Advances in Cancer Immunotherapy: Organizing Committee , Session Chair and Speaker, 
Princeton, NJ - March, 2000 

The Biological Therapy of Cancer. Grand Rounds, Graduate Hospital Department of 
Medicine, Philadelphia, PA - March, 2000 

Predictors of Therapeutic Response/Discussion Session. Co-Chairperson Poster Discussion 
Session. American Association for Cancer Research annual meeting, San Francisco, CA - 
April, 2000. 

Fellow Series: How to Write a Grant. Special Session presentation at annual American 
Society of Clinical Oncology, New Orleans, LA - May, 2000. 

Treatment of epithelial tumors with monoclonal antibodies. Monoclonal Antibodies for the 
Treatment of Malignant Diseases: Present Achievements and Future Prospects. Speaker; 
Stockholm, Sweden - April, 2000 

Biological therapy of cancer. Kitty Cookson Memorial Lecture. Royal Free and University 
College, London, England - July, 2000 

Faculty, ASCO/AACR Workshop on Methods in Clinical Cancer Research, Vail, CO - 
August, 2000 

Developmental Therapeutics. Keynote Speaker . Beth Israel-Deaconess Medical Center 
Annual Cancer Center Retreat, Woods Hole, MA - September, 2000 

Treatment of Breast Cancer and Other Tumors with Monoclonal Antibodies. 59th Japanese 
Cancer Association, Tokyo, Japan - October, 2000 

Cancer Therapy Using Engineered Antibodies. DuPont Pharma Seminar Series. Wilmington, 
DE - October, 2000. 

Clinical and Preclinical Advances with Engineered Antibodies. Session Chair , IBC 1 1th Int'l 
Conference on Antibody Engineering, La Jolla, CA - December, 2000 

Translation of Fundamental Advances in Immunology to Clinical Practice. Speaker and 
Chairperson , Scientific and Technological Innovations in Biology: Initiating Advances in 
Therapeutic Approaches to Hematologic Malignancies, American Society of Hematology, 
San Francisco, CA - December, 2000 

2001 

Novel Approaches to the Immunotherapy of Colorectal Cancer and Other Solid Tumors. 
Keystone Symposium on Molecular Medicine of Colorectal Cancer, Taos, NM - February, 
2001. 

Faculty, National Medical Oncology Fellows Forum. Orlando, FL - March, 2001. 

Current Status of Antibodies in Cancer Therapy. 54th Annual Society of Surgical Oncology 
Symposium, Washington, DC - March, 2001. 

Engineered Antibodies for Cancer Therapy. US-Japan Workshop on Recent Advances in 
Specific Immunotherapy of Cancer, Maui, HA - March, 2001. 
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Manipulation of the tumour microenvironment to facilitate antibody therapy. Speaker and 
Session Chairperson . Vllth International Antibody Conference on Targeted Cellular 
Cytotoxicity, Hampshire, UK - August, 2001. 

Protein Engineering to Optimize Affinity and Efficacy of Monoclonal Antibodies. Congress 
on Monoclonal Antibodies, Banff, Canada - September, 2001. 

ABX-EGF Receptor Antibody: Current Status and Future Directions. Congress on 
Monoclonal Antibodies, Banff, Alberta, Canada - September, 2001. 

Antibody-based therapy of cancer. Research Grand Rounds, H. Lee Moffitt Cancer Center 
and Research Institute, Tampa, FL - November, 2001. 

Manipulation of the tumor micro-environment to facilitate antibody therapy. IBC 12th Int'l 
Conference on Antibody Engineering, San Diego, CA - December, 2001. 

2002 

Monoclonal Antibodies. 43rd Annual Clinical Conference - Drug Discovery and Clinical 
Evaluation in the 21st Century, Houston, TX - January, 2002. 

Antibody therapy of cancer - New concepts and approaches. Clinical and Translational 
Seminar Series, Cardinal Bernardin Cancer Center, Chicago, EL - February, 2002. 

Tumor targeting by engineered antibodies. Interdisciplinary seminar series of the Institute for 
Medicine and Engineering (IME) of the University of Pennsylvania, Philadelphia, PA - 
March, 2002. 

Discussant . Biologic and Targeted Therapies Oral Presentation Session. ASCO, Orlando, FL 
-May, 2002. 

New antibody structures as therapeutic delivery vehicles. Planning Committee . Session 
Moderator and Speaker, 2nd Int'l Congress on Monoclonal Antibodies in Cancer, Banff, 
Alberta, Canada - August, 2002. 

Protein engineering to optimize affinity of monoclonal antibodies. First Annual Symposium 
on Anti-Receptor Signaling in Human Neoplasia, Chicago, IL - September, 2002. 

Engineered antibodies for cancer therapy. Excellence in Immunology Lecture Series, 
University of Texas Southwestern Medical Center at Dallas, Dallas, TX - December, 2002. 
2003 

Keystone Symposium: Antibody-Based Therapeutics for Cancer. Program Chairperson and 
Speaker, Banff, Alberta, Canada - February, 2003. 

New approaches in monoclonal antibodies for cancer. XTV Cancer Progress Conference, 
New York, NY - March, 2003 . 

EGFR Antibodies: Are they different from the TK inhibitors? Speaker and Program 
Committee . 4th International Lung Cancer Congress, Maui, HA - June, 2003. 

Faculty, ASCO/AACR Methods in Clinical Research Workshop, Vail, CO - July, 2003. 

Immunology Program Chair and Speaker, 94 th Annual Meeting of the American Association 
for Cancer Research, Washington, DC - July, 2003. 

ABX-EGF: A high-affinity, fully human antibody to EGFR. Speaker, Session Moderator and 
Planning Committee Member . Third Int'l Congress on Monoclonal Antibodies in Cancer, 
Quebec, Canada - August, 2003. 

Engineered antibodies for cancer therapy. Speaker, Int'l Society for Oncodevelopmental 
Biology and Medicine (ISOBM) 2003 Symposium, Edinburgh, UK - September, 2003. 

-12- 



Louis M. Werner, M.D. 



Antibody therapy for the treatment of cancer. Speaker, 7th Int'l Meeting and 1st World 
Congress, Biotherapy of Cancer: From Disease to Targeted Treatment, Munich, Germany - 
September, 2003. 

Monoclonal antibody therapy of cancer: Targeted therapy hits the target. Vermont Cancer 
Center Grand Rounds, University of Vermont, Burlington, VT - September, 2003. 

Monoclonal antibodies in cancer therapy. Speaker, Cancer Education Consortium/ 
Genentech/IDEC Clinical Pharmacology of Anticancer Agents, Leesburg, VA - October, 
2003. 

Monoclonal antibody therapy - What's Next? Visiting Professor, EMD Pharmaceuticals, Inc., 
Durham, NC - October, 2003. 

Approaches to the future treatment of solid tumors and metastatic disease in cancer. Speaker, 
Session Chair , and Scientific Advisory Board for IBC's 14th Int'l Antibody Engineering 
Conference, San Diego, CA - December, 2003. 

Monoclonal antibody therapy: New targets for magic bullets. Division of Cancer Medicine 
Grand Rounds speaker, M.D. Anderson Cancer Center, Houston, TX - December, 2003. 

2004 

Program Co-Chair . Immunology Program Chair . Symposium Co-Chair and Sunrise Session 
Speaker, 95th Annual Meeting of the American Association for Cancer Research, Orlando, 
FL - March, 2004. 

Monoclonal antibody therapy- What' Next? Session Leader . Master of Excellence in 
Medicine-Oncology Option, Institut Superieur de Formation A L'Excellence en Medecine, 
Videoconference to Paris, France - March, 2004. 

Developmental Therapeutics: Immunotherapy Poster Session Discussant . 2004 Annual 
Meeting of American Society of Clinical Oncology, New Orleans, LA - June, 2004. 

The Contributions of Nuclear Medicine in the Practice of Medical Oncology: Expectations of 
Medical Oncology. Society of Nuclear Medicine 5 1st Annual Meeting, Philadelphia, PA - 
June, 2004. 

Faculty, ASCO/AACR Methods in Clinical Research Workshop, Vail, CO - August, 2004. 

Evolving treatment options in colorectal cancer. Update on GI Neoplasia Conference, 
Philadelphia, PA - August, 2004. 

Panitumumab (ABX-EGF): A high affinity, fully human antibody to EGFR. Speaker and 
Session Moderator . 4th International Congress on Monoclonal Antibodies Workshop, 
Colorado Springs, CO - September, 2004. 

Preclinical and clinical development of recombinant antibodies. Session Chair and Scientific 
Advisory Board for IBC's 15th Int'l Antibody Engineering Conference, San Diego, CA - 
December, 2004. 

2005 

Antibody-based therapeutics for cancer: Keystone Symposia Program Co-Chair and Speaker, 
Santa Fe, NM - February, 2005 . 

The next generation in monoclonals - Who's on first? Sixteenth Annual Cancer Progress 
Conference, New York, NY - March, 2005. 

Immunology and Immunotherapy: Special Interest Session. Scientist - Survivor Program, 
American Association for Cancer Research Annual Meeting, Anaheim, CA - April, 2005. 
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Chairperson , Targeted Strategies in Cancer Therapy: Improving Patient Outcomes, 2005 
ASCO Satellite Symposium, Orlando, FL - May, 2005. 

Presenter, Molecular Therapeutics Poster Session, and Discussant , Developmental 
Therapeutics: Immunotherapy Poster Session, 2005 Annual Meeting of American Society of 
Clinical Oncology, Orlando, FL - May, 2005. 

Co-Chair Symposia Session #34, Antibodies: Innate versus Engineered, Era of Hope 
2005/DOD Breast Cancer Research Program, Philadelphia, PA - June, 2005. 

Faculty, ASCO/AACR Methods in Clinical Research Workshop, Vail, CO - August, 2005. 

Panitumumab in Colorectal Cancer. Speaker and Session Moderator and Program Planner . 
5th International Congress on Monoclonal Antibodies in Cancer, Quebec City, Canada - 
August, 2005. 

New Directions in Cancer Treatment. Carcinoid/NET 2005 Conference, Philadelphia, PA - 
September, 2005. 

Antibodies as the "Drug" for Cancer Therapy. Keynote speaker . Monoclonal Antibodies in 
Cancer, Philadelphia, PA - September, 2005. 

Manipulating Antibody Affinity for Cancer Therapy: Too Much of a Good Thing? Speaker, 
Yale Cancer Center Grand Rounds, New Haven, CT - September, 2005. 

Engineered Antibodies for Cancer Therapy. Speaker, Lankenau Hospital Fall Seminar Series, 
Wynnewood, PA - October, 2005. 

Customizing Antibody Affinities for Cancer Therapy. Session Chair and Program Planner for 
IBC's 16th Int'l Antibody Engineering Conference, San Diego, CA - December, 2005. 

2006 

Current Clinical Approaches of Targeting EGFR in Colorectal Cancer. Faculty, Optimizing 
EGFR-Targeted Therapies in Colorectal Cancer Symposium, San Francisco, CA - January, 
2006. 

Engineered Antibodies for Cancer Therapy. Speaker, Carole and Ray Neag Comprehensive 
Seminar Series, University of Connecticut Health Center, Farmington, CT - February, 2006. 

Customizing Antibody Affinities for Cancer Therapy. Sidney Kimmel Cancer Center 
Conference on Proteogenomics for Diagnosis, Imaging and Therapy of Cancer, San Diego, 
CA - February, 2006. 

Immunology and Immunotherapy: Special Interest Session. Scientist - Survivor Program, 
97th Annual American Association for Cancer Research, Washington, DC - April, 2006. 

Customizing Antibodies for Cancer Therapy. Sunrise Session , 97th Annual Meeting of 
American Association for Cancer Research, Washington, DC - April, 2006. 

Update on the Management of Colon Cancer. Lawrence M. Sigman, M.D. Memorial Lecture, 
Jeanes Hospital Department of Medicine; Philadelphia, PA - April, 2006 

Frankly speaking about new discoveries in cancer: Special focus on colorectal cancer. 8th 
Annual Celebration of Hope; The Wellness Community of Philadelphia, Philadelphia, PA- 
June, 2006. 

Faculty, FECS/AACR/ASCO Methods in Clinical Cancer Research, Flims, Switzerland - 
June, 2006. 

Faculty, ASCO/AACR Methods in Clinical Research Workshop, Vail, CO - July, 2006. 
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Program Committee , Session Chair and Moderator and Speaker, 6th Int'l Congress on 
Monoclonal Antibodies in Cancer Symposium, Washington, DC - August, 2006. 

Novel EGFR Inhibitors. Faculty, Current Trends in GI Malignancies Meeting, Philadelphia, 
PA - September, 2006. 

Engineering antibodies for cancer therapy. Department of Immunology Grand Rounds, 
Roswell Park Cancer Institute, Buffalo, NY - September, 2006. 

Engineering antibodies for cancer immunotherapy. UMDNJ/Cancer Institute of New Jersey 
Grand Rounds, New Brunswick, NJ - October, 2006. 

Unconjugated antibodies for cancer therapy. Session Moderator and Speaker, 1 1th 
Conference on Cancer Therapy with Antibodies and Immunoconjugates, Parsippany, NJ - 
October, 2006. 

Co-Chair , Mini-Symposium on Biologic Effects of Targeted Therapeutics and Session Co- 
Chair , 21st Annual Meeting of the Int'l Society for Biological Therapy of Cancer, Los 
Angeles, CA - October, 2006. 

Monoclonal antibodies for cancer immunotherapy. Abramson Family Cancer Research 
Institute/Division of Hematology-Oncology at the University of Pennsylvania, Philadelphia, 
PA -November, 2006. 

Session Chair . Immunoprevention. AACR Int'l Conference on Frontiers in Cancer Prevention 
Research, Boston, MA - November, 2006. 

Conference Co-Chair . Tumor Immunology: An Integrated Perspective; AACR Special 
Conference in Cancer Research, Miami, FL - November, 2006. 

Improving anti-tumor antibody-initiated ADCC. Faculty, DBC's 17th Annual Int'l Conference 
on Antibody Engineering: Antibody Engineering and Immunotherapeutics for the 21st 
Century, San Diego, CA - December, 2006. 



Cancer therapy using unconjugated monoclonal antibodies: Emerging concepts. LSU-Tulane 
Health Sciences Cancer Center Seminar Series, New Orleans, LA - January, 2007. 

Engineered antibodies for cancer therapy. Drexel University School of Biomedical 
Engineering Seminar, Philadelphia, PA - February, 2007. 

Promoting ADCC by natural killer cells. Keystone Symposium, Lake Louise, Alberta - 
February, 2007. 

Obstacles to implementing cancer vaccines. NCI/FDA Workshop on Rapid Translation of 
Research Findings into Clinical Practice, Bethesda, MD - February, 2007. 

Frankly speaking about new discoveries in cancer. The Wellness Community of 
Philadelphia, Philadelphia, PA - March, 2007. 

New directions for monoclonal antibody therapy of cancer. Distinguished Scientists Seminar, 
Centocor Corp., Malvern, PA - March, 2007. 

Engineered antibodies for cancer therapy. Sidney Kimmel Cancer Center of Johns Hopkins 
University, Baltimore, MD - March, 2007. 

Session Chair . Educational Session "Toll Receptors and Cancer" at Annual Meeting of 
American Association of Cancer Research, Los Angeles, CA - April, 2007. 
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Engineering antibodies for cancer therapy. Keynote Speaker, The Future of Monoclonal 
Antibody Biotherapeutics Production and Development Symposium, New York Academy of 
Sciences, New York, NY - May, 2007. 

MEMBERSHIPS/ADVISORY BOARDS : 

National Committees 

Eastern Cooperative Oncology Group (ECOG) 

- Principal Investigator, Fox Chase Cancer Center (1996-2002) 

- Chairman, Biologic Response Modifiers Committee (1996-2002) 

- Member, Gastrointestinal Cancer Committee 

- Member, Laboratory Science Committee 

- Member, ECOG Board of Advisors 

- Member, Audit Committee 

Member, PDQ External Advisory Board - NCI 
Member, PDQ Adult Treatment Editorial Board - NCI 
American Association for the Advancement of Science (AAAS) 
American Association for Cancer Research (AACR) 

Chairperson, Cancer Immunology Task Force 

Incoming Course Director, AACR/ASCO Clinical Methodology Workshop 
AACR Foundation Steering Committee 
Translational Research Committee 

Chair, Tumor Immunology Special Conference, November 2006 

- Education Committee, 2007 Annual Meeting 

- AACR Special Conferences Committee 2007-20 1 0 
American Society of Clinical Oncology (ASCO) 

American Society of Hematology (ASH) 
American Society of Immunology (ASI) 
American Federation for Clinical Research (AFCR) 
American Federation for Medical Research (AFMR) 
Clinical Immunology Society (CIS) 
Pennsylvania Oncologic Society (POS) 
Society for Biological Therapy (SBT) 
The Antibody Society (TabS) 

External Advisory Board, Tufts-NEMC Cancer Center (2005 - present) 
NCI RAID Program Review - September, 2005 
NCI Translational Research Working Group (TRWG) (2005 - present) 
Parent Committee 

- Prioritization Subcommittee 

Other 

Member, PROGRESS Editorial Advisory Board 

Scientific Advisory Board, Immunotherapy Corporation (1998 - 2000) 

Scientific Advisory Board, Cell Pathways Corporation (1998 - 2002) 

Scientific Advisory Board, Millennium Pharm. (1999 - 2001) 

Medical Advisory Board, Abgenix, Inc. (1998 - 2006) 

Scientific Advisory Board, Celldex Therapeutics, Inc. (2005 - present) 

Cancer Advisory Board, Serono Research Institute (2004 - present) 

Hematology-Oncology Editorial Advisory Board, Medscape, LLC (2005-present) 

Scientific Advisory Board, Merrimack Pharmaceuticals (2006 - present) 

International Oncology Advisory Board, Johnson and Johnson (2006 - present) 
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ADMINISTRATIVE : 

Member, FCCC Medical Science Division Appointments & Promotions Committee, 1992 - 1998. 
Member, FCCC Intensive Care Unit Committee, 1986 - 1992. 
Member, FCCC Laboratory Animal Committee, 1989 - 1994. 
Director, FCCC Medical Oncology Fellowship Program, 1986 - 1994. 
Director, FCCC Clinical Investigator Training Program, 1993 - Current. 
Member, FCCC Executive Committee of Staff, 1994 - . 
Member, FCCC Ambulatory Care Working Group Committee, 1994 - 2004 
Co-Director, American Cancer Society Institutional Grant Review Board, 1995 - Present. 
Member, FCCC Centerwide Appointments & Promotions Committee, 1999 - 2005 
Member, Faculty Advisory Committee for Institutional Advancement, 2003 - Present. 
Member, Internal Advisory Board of the Medical Outreach and Minority Affairs Program, 
2005 - Present. 

Member, Fox Chase/Temple Affiliation Executive Committee, 2005 - Present. 
Member, FCCC Extramural Research Leadership Committee, 2006 - Present. 
Member, FCCC Strategic Vision Committee 2007- 
Member, FCCC Translational Research Committee 2007- 
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Random association of Vl and Vh repertoires contributes con- 
siderably to antibody diversity 1 . The diversity and the affinity are 
then increased by hypermutation in B cells located in germinal 
centres 2 . Except in the case of 'heavy chain' disease 3 , naturally 
occurring heavy-chain antibodies have not been described, although 
antigen binding has been demonstrated for separated heavy chains 4 
or cloned Vh domains 5 . Here we investigate the presence of 
considerable amounts of IgC-like material of M, 100K in the 
serum of the camel (Camelus dromedariusf . These molecules are 
composed of heavy-chain dimers and are devoid of light chains, 
but nevertheless have an extensive antigen-binding repertoire, a 
finding that calls into question the role of light chains in the camel. 
Camel heavy-chain IgGs lack ChI, which in one IgG class might 
be structurally replaced by an extended hinge. Heavy-chain IgGs 
are a feature of all camelids. These findings open new perspectives 
in the engineering of antibodies. 

By a combination of affinity chromatography on protein A 
and protein G, three quantitatively important fractions corres- 
ponding to subclasses of IgG can be isolated from the serum 
of camels (Fig. IA, lanes c-f). 

One fraction (IgG,) contains molecules of M r 170K (Fig. IS, 
lane 2), which upon reduction yield 50K heavy chains and large 
30K light chains (Fig. 1C, lane 2). The two other immuno- 
globulin fractions contain molecules of ~100K (Fig. IB, lanes 
1 and 3), which upon reduction yield only heavy chains of, 
respectively, 46K (IgG 2 fraction binding only to proin A) (Fig. 

IC, lane 3) arid 43K (IgG 3 fraction binding to protein A and 
protein G) (Fig. IC, lane 1). These two IgG classes appear to 
lack the light chain completely. 

To exclude the possibility that the light chains were only 
weakly associated with the heavy chains and lost during our 
selective purification, whole serum was size-fractionated by gel 
filtration. Coomassie blue staining of unreduced fractions 
revealed the sequential elution of the 170K. IgG, followed by 
the incompletely resolved isotypes IgG 2 and IgG 3 (90K) (Fig. 

ID, upper inset). Immunostaining of the same fractions after 
reduction confirmed that the light chains were present only in 
the 50K heavy-chain-containing fractions (Fig. 1 D, lower inset). 

A comparative study of old world camelids (Camelus bac- 
trianus and Camelus dromedarius) and new world camelids 
(Lama pacos, Lama glama and Lama vicugna) showed that 
heavy-chain immunoglobulins are abundant in the sera of all 
species examined (data not shown) and total up to 75 per cent 
of the molecules binding to protein A. 

The abundance of heavy-chain immunoglobulins in the serum 
of camelids raises the question as to whether they bear an 
extensive antigen-binding repertoire. This question could be 
answered by examining the IgG! , IgG 2 and IgG 3 fractions from 
the serum of camels {Camelus dromedarius) with a high antitry- 
panosome titre 7 . In radio-immunoprecipitation, purified frac- 
tions of IgG, , IgG 2 and IgG 3 derived from infected camels were 
shown to bind a large number of antigens present in a 
[ 3s S]methionine-labelled trypanosome lysate (Fig. 2a), indicat- 
ing an extensive repertoire complexity for the three IgG classes. 
Conversely, in blotting experiments, [ 35 S]methionine-labelled 
trypanosome lysate binds to SDS-PAGE-separated IgG, , IgG 2 




FIG. 1 Characterization and purification of camel IgG classes on protein A, 
protein G and gel filtration. A, The fraction of C. dromedarius serum adsorbed 
on protein A on reducing SDS-PAGE shows three heavy-chain components 
of 50, 46 and 43K (bands between dots), which are absent in the non- 
adsorbed fraction (lane d), and light-chain components of ~30K (lane c) 
that are considerably larger than rabbit light chain (lane a, rabbit IgG). The 
fractions adsorbed on protein G (lane e) lack the 46K heavy chain which 
remains in the non-adsorbed fraction (lane f). Lane b contains a size marker. 
B and C, By differential adsorption and elution on protein G and protein A, 
the IgG fractions containing 43K (lane 1), 46K (lane 3) and 50K (lanes 2) 
heavy chains were purified and analysed on SDS-PAGE in the absence (B) 
or presence (C) of dithiothreitol (DTT). D, Camel whole serum (0.1 ml) was 
fractionated by gel filtration on a Superdex-200 column using 150 mM NaCI, 
50 mM sodium phosphate buffer, pH 7.0, as eluent. Affinity-purified lgG 2 
and lgG 3 elute at the positions indicated by arrows. Fractions of interest 
were analysed further by SDS-PAGE with or without prior reduction. The 
protein contents as visualized by Coomassie blue (without reduction; upper 
inset) are compared with the immunoglobulins from the same fractions 
(after reduction with DTT, lower inset) as revealed by western blotting with 
a rabbit anti-camel IgG (lower Inset). 

METHODS. C. dromedarius serum (5 ml) is adsorbed onto a 5-ml protein 
G-Sepharose (Pharmacia) column and washed with 20 mM phosphate buffer, 
pH 7.0. Upon elution with 0.15 M NaCI, 0.58% acetic acid (pH 3.5), lg&3 of 
100K Is eluted, which upon reduction yields heavy chains of 43K (lanes 1 
in B and C). lgG ± of 170K can subsequently be eluted with pH 2.7 buffer 
(0.1 M glycine-HCI). This fraction upon reduction yields a 50K heavy-chain 
and a broad light-chain band (lane 2 in C). The fraction not adsorbed on 
protein G is run on a 5-ml protein A-Sepharose column. After washing and 
elution with 0.15 M NaCI, 0.58% acetic acid (pH 4.5), IgGj of 100K is obtained, 
which consists solely of 46K heavy chains (lane 3 in C). 
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ProtA Igl Ig2 Ig3 Tot.Ser Ig1 Ig2 Ig3 Tot.Ser 

Control T. evansi infected Healthy 

Counts per 65 1,258 1,214 2,700 2,978 147 157 160 107 
5ul 



FIG. 2 Repertoire complexity and antigen-binding capacity of camel IgGj , 
lgG 2 and lgG 3 analysed by a, radioimmunoprecipitation, or b and c, western 
blotting, a, Serum or purified IgG fractions from healthy or Trypanosoma 
evans/-infected C. dromedarius (CATT titre 1/160 (ref. 7)) were incubated 
with labelled trypanosome lysate. recovered with protein A-Sepharose and 
analysed by SDS-PAGE. The relative counts recovered are inscribed below 
each lane. No trypanosome proteins bind to the protein A or to the healthy 
camel immunoglobulins. 6, 20 u.g of IgGi. lgG 2 and lgG 3 from healthy and 
trypanosome-infected animals were separated by SDS-PAGE without prior 
reduction or heating. The electroblotted proteins were incubated with the 
labelled trypanosome lysate. The lgG 2 shows a single antigen-binding com- 
ponent corresponding to the heavy-chain immunoglobulin, whereas the lgG 3 




Igl Ig2 Ig3 Igl Ig2 Ig3 Ig1 Ig2 tg3 

Healthy T. evansi infected T. evansi infected 

Ponceau red 



fraction appears in addition to contain two larger antigen-binding components 
barely detectable by Ponceau red staining (c). These could possibly be 
immunoglobulin classes copurified as immunocomplexes present in the 
serum of the infected animals. 

METHODS. Psimethionine-labelled Trypanosoma evansi lysate (500,000 
counts) 22 was incubated (4 °C, 1 h) with 10 p.! serum or, 20 u-g IgGj., lgG 2 
or lgG 3 in 200 p.1 of 0.4 M NaCI, 10 mM EDTA, 10 mM Tris, pH 8.3, containing 
0.1 M /V-ff-tosyl-L-lysine chloromethyl ketone (TLCK). Protein A-Sepharose 
(10 mg) suspended in 200 |xl of the same buffer was added (4 "C, 1 h). After 
washing and centrif ugation, each pellet was resuspended In 75 \x.1 SDS-PAGE 
sample solution containing DTT and heated for 3min at 100 "C. After 
centrifugation, 5 u.1 supernatant was saved for radioactivity counting and 
the remainder analysed by SDS-PAGE and fluorography. The nitrocellulose 
filter of the western blot of purified fractions IgGj, lgG 2 and lgG 3 was stained 
with Ponceau red (c) or incubated with 1% ovalbumin in TST buffer (Tris 
10 mM, NaCI 150 mM, Tween 0.05%) (o). The membrane was extensively 
washed with TST buffer and incubated for 2 h with 35 S-labelled trypanosome 
antigen. To avoid nonspecific binding, labelled trypanosome antigen lysate 
was filtered (45 pro) and incubated with healthy camel immunoglobulin and 
ovalbumin adsorbed on a nitrocellulose membrane. 
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FIG. 3 Amino-acid sequences of the Vh framework, and hinge/CH2 of 
Camelus dromedarius heavy-chain immunoglobulins, compared to human 
(italic) Vh framework (subgroup III) and hinges of human IgG 14 . 
METHODS. Total RNA was isolated from a dromedary spleen 23 . mRNA was 
purified with oligo(T) paramagnetic beads (PolyATract, Promega). 1 p.g mRNA 
was used for preparing double-stranded cDNA 23 after an oligo(dT) priming 
using enzymes from Boehringer Mannheim. 5 ng cDNA was amplified by PCR 
in a 100-p.l reaction mixture (10 mM Trls-HCI, pH8.3, 50 mM KCI, 15 mM 
MgCI 2 , 0.01% (w/v) gelatine, 200 |iM of each dNTP). 25pmol of each 
oligonucleotide of mouse Vh 24 , containing an Xho\ site, and 5'-CGCCAT- 
CAAGGTACCAGTTGA-3' were used as primers. The 3'-end primer was 
deduced from partial sequences corresponding to -y-chain amino acids 296 
to 288 (T. Atarhouch, C. H.-C. and G.R., unpublished results) in which one 
mismatch was introduced to create a Kpn\ restriction site. After a round 
of denaturing annealing (94°C for 5 min and 54°C for 5 min), 2 U of Taq DNA 
polymerase were added to the reaction mixture before 35 cycles of 
amplification 5 . PCR products were purified by phenol-chloroform extraction 
followed by HPLC (Genpak-fax column, Waters) and finally by MERMAID 
(BI0101). After purification, amplified cDNA was digested with Xhol and 
Kpn\, and ligated into pBluescript. Clones were sequenced by dideoxy chain 
termination 25 . Sequences were then translated so that they could be assig- 
ned to well defined domains of the immunoglobulin molecule 14 . 
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FIG. 4 Schematic representation of the structural organization of the camel 
immunoglobulins (adapted from ref. 26). On the basis of sire, the IgGi 
fraction probably has the normal antibody assembly of two light and two 
heavy chains. lgG 3 would have a hinge comparable in size to the human 
IgGi, IgGa and lgG 4 . The two antigen-binding sites are much closer to each 
other as camel IgG lacks the ChI domain. In camel lgG 2 the long hinge, 
which is formed of Pro-X repeats (X=Glu, Gin or Lys), probably adopts a 
rigid structure 19120 . This long hinge could therefore substitute for the ChI 
domain and bring the two antigen-binding sites of lgG 2 Into normal positions. 




heavy chain 

nap c w e 



and IgG 3 obtained from infected animals (Fig. 2b, c). These 
findings indicate that the heavy chains alone can generate an 
extensive repertoire and question the obligatory contribution of 
the light chain to the useful antibody repertoire in the camelids. 

The camelid y2 and y3 chains are considerably shorter than 
the normal mammalian y or camel y 1 chains. This would suggest 
that, as in the case of 'heavy chain' disease 3 , deletions have 
occurred in the ChI protein domain 8,9 . To address this question, 
complementary DNA was synthesized from camel spleen 
messenger RNA and the sequences between the 5' end of the 
Vh and the Ch2 were amplified by polymerase chain reaction 
(PCR), and cloned. Seventeen clones presenting a different Vh 
sequence were isolated and sequenced. Their most striking 
feature was a complete lack of the ChI domain, the last 
framework (FR4) residues of the Vh region being immediately 
followed by the hinge (Fig. 3, lower part). The absence of the 
ChI domain clarifies two important dilemmas. First, immuno- 
globulin heavy chains are normally not secreted unless the 
heavy-chain chaperoning protein or BIP (ref. 10) has been 
replaced by the L chain 11 , or alternatively the ChI domain has 
been deleted 3,8,9 . Secondly, isolated heavy chains from mam- 
malian immunoglobulins tend to aggregate, but are only solubil- 
ized by light chains 8,12 which bind to the ChI and the Vh 
domains 13 . 

Fourteen of the seventeen clones were characterized by a 
short hinge sequence with a length equal to that of human IgG 2 
and IgG 4 (ref. 14) (Fig. 3). The other three had a long hinge 
sequence containing the 'EPK' hinge motif found in human 
IgGj and IgG 3 (ref. 14). They possess the Ch2 'APELL/P' motif 
that is also found in human IgG, and IgG 3 , and which is 
associated with mammary transport of bovine IgG, (ref. 15). 
On the basis of their molecular weights, we expect the 'short- 
hinge' clones to correspond to IgG 3 and the 'long-hinge' clones 
to IgG 2 . 



In the short hinge-containing antibody, the extreme distance 
between the extremities of the Vh regions will be of the order 
of 80 A, corresponding to twice the size of a single domain of 
40 A (2 x Vh) 16 . This could be a severe limitation for agglutina- 
tion, crosslinking or complement fixation 17,18 . In the long-hinge- 
containing immunoglobulin, the absence of ChI might be com- 
pensated by the extremely long hinge itself, composed of a 
12-fold repeat of the sequence Pro-X (where X is Gin, Glu or 
Lys) (Figs 3 and 4). NMR (ref. 19) and molecular modelling 20 
of Pro-X repeats present in the TonB protein of Escherichia coli 
(in which X is Glu or Lys) and of the membrane procyclin of 
trypanosomes (X is Asp or Glu) indicate that these repeated 
sequences function as rigid rod-like spacers with a diameter of 
8 A and a rise of 2.9 A per residue. Assuming the same geometry, 
the long hinge would be 70 A, which compensates for the 
absence of the ChI domain. 

The binding site of heavy-chain antibodies cannot form the 
pocket resulting from adjoining light and heavy chain V regions, 
and the residues of Vh that normally interact with Vl will be 
exposed to solvent 3,5,13 . Leucine at position 45 is conserved in 
98% of human and murine Vh sequences 14 and is crucial in the 
Vh-Vl association 13 ; it can be replaced by an arginine (Fig. 3, 
top section). This substitution is in accordance with both the 
lost contact with a Vl domain and an increased solubility. 

Unlike myeloma heavy chains, which result mainly from ChI 
deletion in a single antibody-producing cell 21 , the camelid 
heavy-chain antibodies have emerged in a normal immunologi- 
cal environment and will probably have undergone the selective 
refinement in specificity and affinity that accompanies B-cell 
maturation 1,2 . The obtention of camelid heavy-chain antibodies 
could therefore be an invaluable asset in the development and 
engineering of soluble Vh domains 5 or of new immunological 
molecules for diagnostic, therapeutic and biochemical purposes. 

□ 
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Expression of a Dromedary Heavy Chain-Only Antibody and 
B Cell Development in the Mouse 1 

Xiangang Zou,* Jennifer A. Smith,* Viet Khong Nguyen, 2+ Liming Ren, 3 * Kattie Luyten,* 
Serge Muyldermans,* and Marianne Bruggemann 4 * 

In mature B cells of mice and most mammals, cellular release of single H chain Abs without L chains is prevented by H chain association 
with Ig-specific chaperons in the endoplasmic reticulum. In precursor B cells, however, surface expression of /n-H chain in the absence 
of surrogate and conventional L chain has been identified. Despite this, Ag-specific single H chain Ig repertoires, using ft-, y-, e-, or a-H 
chains found in conventional Abs, are not produced. Moreover, removal of H chain or, separately, L chain (k/A) locus core sequences 
by gene targeting has prevented B cell development In contrast, H chain-only Abs are produced abundantly in Camelidae as H2 IgG 
without the C H 1 domain. To test whether H chain Abs can be produced in mice, and to investigate how their expression affects B cell 
development, we introduced a rearranged dromedary -y2a H chain into the mouse germline. The dromedary transgene was expressed 
as a naturally occurring Ag-specific disulphide-Iinked homodimer, which showed that B cell development can be instigated by expression 
of single H chains without L chains. Lymphocyte development and B cell proliferation was accomplished despite the absence of L chain 
from the BCR complex. Endogenous Ig could not be detected, although V(D)J recombination and IgH/L transcription was unaltered. 
Furthermore, crossing the dromedary H chain mice with mice devoid of all C genes demonstrated without a doubt that a H chain-only 
Ab can facilitate B cell development independent of endogenous Ig expression, such as jtt- or S-H chain, at early developmental 
stages. The Journal of Immunology, 2005, 175: 3769-3779. 



In the conventional mouse and human immune system, B cell 
development is initiated by VDJ recombination and surface 
IgM expression (Ref. 1, and refs. therein). At the pre-B cell 
stage, the associated surrogate L chain is replaced with a k- or A-L 
chain, and this initiates the process of Ab maturation, which is 
accompanied by cellular migration and class switching. At this 
stage, mature B cells undergo further selection and affinity matu- 
ration and can differentiate into Ab-secreting plasma cells or mem- 
ory cells bearing other isotypes (IgG, IgA, or IgE). Developmental 
progression is blocked at the pre-B-I cell stage when H chain ex- 
pression is prevented, although H and/or L chain transcripts may 
be found (2, 3). Likewise, silencing of both k- and A-L chain loci 
blocks B cell development, but at the somewhat later pre-B-II 
stage, which allows normal development up to pre-BCR expres- 
sion (4). With the lack of L chain, /m-H chain is retained in the 
cytoplasm of immature bone marrow B cells, and their further 
development, with subsequent migration and colonization of the 
spleen, is prevented (4). Targeted modification of the IgH locus 
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has permitted expression of truncated Ig polypeptides (5), and in- 
troduction of Ig transgenes consisting of shorter chains or removed 
domains has allowed single chain expression (6-8). Recently, it 
has also been shown that entire /n-H chains in association with the 
Iga coreceptor, but lacking surrogate or conventional L chain, can 
be expressed on the cell surface of pre-B cells. Single /x-H chain 
expression may induce differentiation signals and allow develop- 
mental progression possibly up to the immature B cell stage (9- 
11). Nevertheless, there are no examples where individual H chain 
polypeptides, on the surface or released from the cell without as- 
sociated L chain, facilitate B cell differentiation to the mature and 
specialized stage leading to Ab repertoire formation in the mouse. 

Abs, consisting of multiple units of paired H and L chains (12), 
emerged early in vertebrate evolution, and their presence is dem- 
onstrated in all of the jawed vertebrates studied to date (13). In 
addition to these conventional heteromeric Abs, sera of camelids 
(suborder Tylopoda, which includes camels, dromedaries, and lla- 
mas) contain a major type of Ig composed solely of paired H 
chains (14). Homodimeric H chain Abs in camelids lack the first C 
domain (C H 1) but harbor an intact variable domain (V H H) encoded 
by different, clearly distinguishable, V genes (15). Using structural 
analysis, it has been concluded that it is impossible for a V H H to pair 
with a normal V L because the V L -interacting side of the domain is 
reshaped by the hydrophilic V H H hallmark amino acids and the long 
CDR3, which folds over this region (16). H chain Abs are absent in 
other mammals except in pathological cases, known as heavy chain 
disease, where parts of the V H domain and/or C H 1 exon have been 
removed (17). Interestingly, H chain Abs are also present in some 
primitive fish; e.g., the new Ag receptor in the nurse shark and the 
specialized H chain (COS5) in ratfish (18, 19). Evolutionary analysis 
showed that their genes emerged and evolved independently, whereas 
H chain genes in camelids evolved from pre-existing genes used for 
conventional heteromeric Abs (20). 

In camelids, the problem of developmental progression when 
single H chains are expressed may be circumvented because of 
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structural differences in particular Vand y-C genes. As in conven- 
tional Ab production, the H chain gene of a H chain Ab is obtained 
after DNA rearrangements when specific V H H germline genes, lo- 
cated within the V H gene cluster, are assembled with commonly 
used D and J H segments to code for the V H H-domain (21). 
Genomic and cDNA analyses have revealed five functional drom- 
edary y genes, three of which (y2a, y2c, and y3) are always used 
to form H chain-only isotypes, whereas two separate genes, yla 
and ylb, are used for the production of heterodimeric IgG isotypes 
(22). Only a very low yield of H chain-only Ab transcripts (iden- 
tified by their particular V genes) spliced to C/j, (V H HDJ H -C/x) 
have been identified from dromedary spleen (23). Serum IgM de- 
void of L chains has not been found, and staining of camelid B 
cells for IgG H chain-only Ab is not yet possible due to a lack of 
specific Abs. These observations indicate that the IgM stage of H 
chain Abs may be transient and that the conventional differentia- 
tion events initiated by IgM expression may be circumvented. 

The lack of C H 1 in H chain Abs is most likely to be the crucial 
factor in allowing their release from cells in the absence of L 
chains. Although H chain C region genes encode the first exon, it 
is spliced out during mRNA maturation, probably due to a point 
mutation at the canonical splicing donor site (24, 25). It has been 
established that the C H 1 domain participates actively in the regu- 
lation of assembly and secretion of conventional H2L2 Abs. The 
nascent-translated H chain polypeptide associates noncovalently 
with the H chain binding protein (BiP 5 or grp78) via BiP associ- 
ation sites in C H 1 (26). The BiP/H chain complex is retained in the 
endoplasmic reticulum by virtue of the KDEL sequence at the 
carboxy terminus of BiP (27), and an H chain with a C H 1 domain 
is not secreted unless BiP is displaced by the L chain (26, 28, 29). 

It is possible that H chain-only Abs have been selected and 
maintained in Tylopoda for their complementary function in rec- 
ognizing unusual epitopes, such as clefts on the Ag surface that are 
normally less antigenic for conventional Abs (30). So it could be 
argued that H chain Abs are maintained because they fulfill a com- 
plementary function in their humoral immune response. In the pe- 
ripheral blood of all camelids, H chain Abs of different isotypes 
contribute to the immune response; they undergo Ag-mediated se- 
lection and affinity maturation, and their V H HDJ H domains are 
subjected to extensive somatic hypermutation (21, 22). 

Our experiments focus on two essential questions. Can a drom- 
edary H chain gene be processed and correctly expressed in the 
mouse? A feasibility study to evaluate the prospect of generating 
therapeutic camel H chain Abs in appropriately engineered mice is 
crucial to allow the future creation of H chain Ab repertoires. And, 
are conventional developmental processes capable of permitting B 
cell maturation without L chain association? This is important be- 
cause L chain-dependent development or coexpression may im- 
pede the desired production of high-affinity dimeric H chains with 
their prospective use as enzyme inhibitors. 

In this article, we show that H chain-only Ab expression of a 
rearranged dromedary y2a gene in transgenic mice initiates B cell 
development without involvement of L chain or production of en- 
dogenous IgM. Allelic feedback signals are operative and seem to 
secure isotype exclusion by preventing expression but not V(D)J 
rearrangement and transcription of endogenous H and L chain 
genes. Multimeric IgG2a H chains are efficiently secreted, and 
their assembly on the cell surface allows Ag recognition. Expres- 
sion of H chain Abs, with their particular configuration of the V H H 
gene, their C H 1 exon removed by splicing, and lack of L chain, 



5 Abbreviations used in this paper: BiP, H chain binding protein; BIO, biotin; HEL, 
hen egg lysozyme; KO, knockout. 



does not appear to be regulated by the presence of a classical BCR 
Materials and Methods 

Derivation of mice 

The dromedary V H H-Cy2aTM H chain Ab gene on an 1 1.7-kb Notl-Sall frag- 
ment (31) was purified using a DNA purification kit (no. 28304; Qiagen). For 
the derivation of transgenic mice, DNA was microinjected into the male pro- 
nucleus of F, embryos (CBA X C57BL/6) according to standard methods 
(32), and several founders were produced. Transgenic animals were identified 
by PCR using dromedary Cy2a-specific oligonucleotides: C H H1 forward, 5'- 
GCACCTCGACCGGAAAGACCTTCATCTCC-3 ' ; and hinge reverse, 5'- 
GGG ACACGTGCATTCTGGTTCAGG-3 ' , which produced a 485-bp frag- 
ment (data not shown). Two animals, judged by PCR and Southern 
hybridization to be high (caml) and low (cam2) copy number founders, were 
bred to homozygosity with /xMT mice (33) and CA mice, in which all C genes 
had been removed by Cre-faiP-mediated deletion (3). Southern blot analysis 
(34) was conducted on Kpnl digests of tail DNA hybridized with a 1.4-kb 
Notl-BstEU Vy/-gene probe (31). 

Nucleic acid preparations and PCR 

For transcriptional analysis of transgene expression, mRNA was prepared 
from bone marrow and spleen cells using the RNeasy Mini Kit (no. 74104; 
Qiagen), and cDNA was prepared with the Omniscript RT Kit (no. 2051 1 1 ; 
Qiagen) according to manufacturer's instructions. RT-PCR primers for 
identifying transgenic expression (see Fig. 2) were as follows: V3FR1B 
(V H H), 5 ' -G AGGTGCAGCTGGTGGCGTCTGG AGGAGG-3 ; G2AH1F 
(H, hinge), 5 ' -GGG AC ACGTGC ATTCTGGTTC A-3 ' ; H (hinge) forward, 
5'-CAACCAAAACCTGAACCAGAATGC-3'; C H H2 reverse, 5'-G 
CACCTCAACGCCATCAATG-3 ' ; C H H3 forward, 5'-CAAGGACACCG 
TGAGCATAACCT-3'; 3'C H H3 reverse (downstream of the stop codon), 
5 ' -TGCCGGGGTG AGGCTC ATTTA-3 ' ; and M2 reverse, 5'-GCC 
CGATCATGTTTCTGTAGTCTG-3'. Lamin Bl served as a control to 
normalize the DNA concentration and also allowed discrimination of cDNA 
and genomic PCR products (3). PCR conditions were 93°C for 2 min followed 
by 32 cycles of 30 s at 93°C, 45 s at 58°C, and 90 s at 72°C, followed by 10 
min at 72°C to complete the reaction. 

For the analysis of D-J H , V H -D-J H , and V K -J K -C K rearrangement and tran- 
scription, as well as surrogate L chain transcription, RNA was prepared from 
bone marrow and spleen cells using Tri Reagent (Sigma-Aldrich), and cDNA 
was prepared using the Omniscript RT kit as above. Genomic DNA was pre- 
pared by lysis with proteinase K at 55°C, phenol/chloroform/isoamyl alcohol 
(25/24/1; Sigma-Aldrich) extraction and ethanol precipitation. Combinations 
of the following oligonucleotides were used: for the H chain, a 1/1 mixture of 
DF (5'- GCATGTCTCAAAGCACAATG-3') and DQ52 (5'-ACCCTGGA 
CACAGGAAACAC-3'); VJ558L (5'-ATGGGATGGAGCTGGATCTT-3') 
for DNA; and a 1/1 mixture of VJ558L and VJ558CL (5'-ATGGAATG 
GAGCTGGGTCTT-3 ' ) for cDNA and V7183 (5'-ATGAACTTCGGGCT 
CAGCTT-3') forward primers in combination with J H l-4 reverse primer (5'- 
GAGACDGTGASHRDRGTBCCTKSRCC-3') (3); for the L chain V K for- 
ward (5'-GGCTGCAGSTTCAGTGGCAGTGGRTCWGGRAC-3') (35); 
universal Jk (5 '-GTTTKATTTCCARYYTKGTSCC-3 ') and Ck reverse (5'- 
GCTCATGCTGTAGGTGCTGTCTTTGCTGTC-3'); and for surrogate L 
chain A5 forward (5'-AGTTCTCCTCCTGCTGCTGCTGT-3'); A5 reverse 
(5'-TACCTTCCAGTCCACCACCAAAG-3'); VpreB forward (5'-TGGT 
CAGGKCCCAGGAGCAGTGG -3'); and VpreB reverse (5'-CCGGAGC 
CCCACRGCRCAGTAAT-3'). PCR conditions were 30-35 cycles of 93°C 
for 20 s, 62-64°C for 30-35 s, and 72°C for 40-50 s, followed by 10 min at 
72°C to complete the reaction, and RT-PCR conditions were 2 min at 94°C 
followed by 32 or 33 cycles of 93°C for 20 s, 62-64°C (70°C for A5 and 
Vk-Ck, 50°C for J558-J H l-4 RT-PCR) for 30-45 s, and 72°C for 50-60 s, 
followed by 10 min at 72°C to complete the reaction. The hybridization probe 
for the V558-J H PCR was a 450-bp £coRl fragment from a cloned J558 
family member, kindly supplied by A. Wood (Babraham Institute). 

ELISA and Western blot analyses 

Serum Abs were identified by ELISA (36) on Falcon plates (no. 353911; 
BD Biosciences) coated with 10 /xg/ml goat anti-llama IgG (no. A160- 
100A; Bethyl Laboratories). Bound Abs were detected either with HRP- 
conjugated goat anti-llama IgG (no. A160-100P; Bethyl Laboratories) or 
biotin (BlO)-conjugated rat anti-mouse k L chain (no. 04-6640; Zymed 
Laboratories) or BlO-conjugated anti-mouse A, A3 L chain (BD Pharmin- 
gen) developed with streptavidin-biotinylated HRP (no. RPN1051; Amer- 
sham Biosciences). 
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FIGURE 1. Integration of the dromedary lgG2a gene in the mouse germline. A, The dromedary H chain gene on an 11.7-kb Noil-Sail fragment 
comprises a rearranged V H HDJ H gene, intervening sequences, including matrix attachment region (MAR), and E/x enhancer (E), followed by the switch 
region and the genomic region of the dromedary Cy2a gene (exons C„H1, hinge (H), C H H2, and C H H3), including the membrane exons (Ml and M2) (31). 
The mutation in the donor splice site (*), the poly(A) sites (A), and the Kpnl site, for mapping analysis, are indicated. B, Southern blot analysis of tail DNA 
from caml juMT and cam2|u.MT mice. DNA was digested with Kpnl, blotted, and hybridized with a 1 .4-kb V H H-specific probe (see Materials and Methods) 
to identify transgene integration and copy number. pMT DNA served as a control. XHindlU was used as a size marker. 



Goat anti-llama IgG (1 mg/ml) was coupled to CNBr-activated Sepha- 
rose 4B (no. 17-0430-01; Amersham Biosciences) in 0.1 M sodium car- 
bonate buffer (pH 8.5) and stirred gently overnight at 4°C. Coupled Sepha- 
rose was left in 1 M glycine for 2 h and then washed and stored in PBS 
0.5% sodium azide. Serum (20 p.1) was incubated with ~20 pi of anti- 
llama IgG Sepharose overnight, and unbound proteins were removed by 
washing with PBS. For Western blot analysis, proteins were separated on 
precast 4-15% Tris-HCl Ready-Gels (no. 161-1104; Bio-Rad) and trans- 
ferred to nitrocellulose membranes as described previously (31). Filters 
were incubated with HRP-conjugated goat anti-llama IgG, or BlO-conju- 
gated rat anti-mouse k L chain or anti-mouse A, 2 3 L chain, followed by 
incubation with streptavidin-biotinylated HRP as described above, and 
chemiluminescent substrate (SuperSignal West Pico, no. 34080; Pierce) 
was used for detection according to the manufacturer's protocol. Restore 
Western blot stripping buffer was used in some experiments (no. 21059; 
Pierce). The m.w. marker was All Blue Standards (no. 161-0373; Bio-Rad). 

Flow cytometry analyses 

Bone marrow and spleen cell suspensions were prepared from caml/xMT, 
cam2/xMT, /xMT, caml, cam2, cam2CA, RAG2~'~, and normal F, mice. 
Cells were stained in combination with allophycocyanin-conjugated anti- 
mouse CD45R (B220) (no. 01129A; BD Pharmingen), FITC-conjugated 
anti-mouse IgM (no. 04-6811; Zymed Laboratories), PE-conjugated anti- 
mouse c-kit (CD117) (no. 09995B; BD Pharmingen) and/or BlO-conju- 
gated anti-mouse CD43 (no. 01602D; BD Pharmingen), FITC-conjugated 
anti-mouse IgM, PE-conjugated anti-mouse IgK (no. 559940; BD Pharm- 
ingen), FITC-conjugated anti-mouse IgA (no. 021 174D; BD Pharmingen), 
FITC-conjugated anti-mouse CD21/35 (no. 553818; BD Pharmingen), and 
BlO-conjugated hen egg lysozyme (HEL) (31). Reactions with BlO-con- 
jugated Abs were subsequently incubated with Tri-color-conjugated 
streptavidin (no. SA1006; Caltag Laboratories). Cytoplasmic staining was 
conducted using a fix and perm cell permeabilization kit with reduced 
background formulation (GAS-004; Caltag Laboratories) according to the 
manufacturer's instructions. Cells were analyzed on a FACSCalibur (BD 
Biosciences), and CellQuest (BD Biosciences) was used for data analysis. 
A FACSAria (BD Biosciences) was used for sorting B220 + and B220 - 
lymphocyte populations at up to 12,000 cells per second, which resulted in 
a purity >95%. 

Results 

Integration of a dromedary H chain gene construct in the mouse 
germline 

The H chain Ab gene, V H H-Cy2aTM, has been constructed using 
a rearranged dromedary V H HDJ H gene with specificity for HEL 
and a dromedary Cy2a gene in germline configuration, including 
the transmembrane exons (31). Figure 1A shows the 1 1.7-kb Notl- 
Sall fragment, which was microinjected into fertilized mouse oo- 
cytes. From the animals born, two were selected (caml and cam2, 
identified by PCR) for further breeding. These represented high 



copy number and low copy number transgenic founder mice. The 
animals were crossed with juMT mice in the C57BL/6 background 
(33), which resulted in cam +/_ /u,MT~ /_ and pMT~'~ animals, 
which were used for detailed analyses. In Southern blotting, Kpnl 
digests showed several bands containing the transgene (Fig. 15) 
with a predominant ~15-kb fragment, suggesting multiple and tan- 
dem integration as the construct harbors a ~7.4-kb Notl-Kpnl frag- 
ment. Comparison of signal intensities estimated that the 
camlf*.MT mice have the transgene integrated at a high copy num- 
ber (>40 tandem copies), whereas cam2/j.MT is a low copy num- 
ber (>2 copies) line. 

H chain transcripts are correctly spliced 
An important question was whether the introduced H chain gene 
would be transcribed and whether the resulting product would 
match the transcripts found in Camelids. To investigate possible 
mRNA splice products, we used RT-PCR and sets of oligonucle- 
otides that would reveal the exon usage (Fig. 2). Employment of V 
forward and hinge reverse oligonucleotides revealed a product of 
500 bp from caml and cam2 mice (Fig. 2A), which corresponded 
to V H HDJ H -hinge splice products lacking the C H 1. Inclusion of 
the C H 1 exon would have increased the size to -800 bp (31). The 
hinge region is followed by C H H2 (Fig. 2B). Transcripts that allow 
Ig secretion (Fig. 2Q and surface expression (Fig. 2E, top bands) 
were found, both in bone marrow and spleen cells, as has been 
described for p, mRNA products in mouse B cells (37). Figure 2, 
D and F, illustrate the exon usage of the PCR products, which have 
been confirmed by cloning and sequencing (supplemental Table 
I). 6 Simultaneous amplification of lamin Bl (Fig. 2E, bottom 
bands) served as a semiquantitative reference and suggested that 
secretory and membrane transcript levels are higher in spleen and 
bone marrow cells from cam2 mice. In caml mice, we found little 
transmembrane product and a diminished intensity of the amplifi- 
cation bands. This implies low transcription levels of the drome- 
dary transgene in caml mice, which may be due to the integration 
site, e.g., in a transcriptionally silent region, and is reaffirmed by 
ELISA and flow cytometry analysis shown below. Despite differ- 
ences in expression levels, the results show correctly spliced H 
chain products, without C H 1, in bone marrow and spleen, which 



6 The online version of this article contains supplemental material. 
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FIGURE 2. Transcriptio 
bone marrow and spleen. RT-PCR analysis was con- 
ducted using oligonucleotides priming in the following 
regions: A, V„H and hinge (H); B, H and C H H2; C, 
C H H3 and 3' of C H H3 stop codon; E, C H H3 and mem- 
brane exon 2 (M2) and lamin, as control conducted in 
parallel, to verify matching cDNA concentrations. D 
and F, Maps established from the product sizes. These 
show that the C H H1 exon is omitted and that the cor- 
rectly transcribed dromedary H chain consists of V H - 
HDJ-H-C„H2-C H H3-Ml/2. The secreted (O) and mem- 
brane (F) forms are found in both bone marrow and 
spleen cell populations. As a size marker, a 100-bp lad- 
der was used. In addition, the exact size of each band 
was established by DNA sequencing (supplemental 
Table I). 
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implies that the introduced dromedary H chain gene is faithfully 
expressed in both secreted and transmembrane form. 

Multimeric Ig is secreted in serum 

To analyze secretion of dromedary H chain Ig, we captured serum 
Abs from the cam/xMT mice in a sandwich ELISA using goat 
anti-llama IgG for detection. Figure 3 illustrates strong Ab binding 
of two representative cam2juMT mice (termed a and b), the low 
copy transgenic line, with good detection of up to 1/1000 dilution. 
The high copy line, caml/xMT, had a low Ab titer (detectable only 
in 1/3 (data not shown) and 1/10 serum dilutions), whereas back- 
ground binding was obtained when using jaMT and normal mouse 
serum. Because binding to anti-llama IgG did not reveal the as- 
sembly of the secreted dromedary IgG2a, we further tested serum 
Abs for the presence of L chain. None of the camlpiMT, 
cam2/j,MT, and /xMT sera showed binding to anti-mouse IgK or 
anti-mouse IgA L chain; however, normal mouse serum revealed 
some cross-reactivity, in that weak binding to anti-llama Ig could 
be detected with anti-Ig«. 

To assess the assembly and m.w. of the secreted H chain Ig, we 
conducted Western blot analyses. To overcome a high background, 
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3 10' 10*10* 3 10' 10* serum dilution 
in of H chain-only Abs in serum of cam mice. H 
chain Abs (IgG H ) were identified in ELISA by coating and detection with 
anti-llama IgG. A lack of L chain Abs was aifirmed by coating with anti- 
llama IgG and detection with anti-K or anti-A Ig. Coating with anti-K and, 
separately, anti-A Ig and detection with anti-K and anti-A Ig, respectively, 
gave similarly negative results for the cam/K.MT mice (data not shown). 
The low copy number line cam2jxMT showed good levels of H chain IgG 
with no L chain. This line is represented with serum titrations of two mice 
(a and b, ~3-mo-old) chosen from four separate experiments with similar 
results, using serum from at least eight mice, each between 6 wk and 1 0 mo 
of age. Normal mouse serum (NM) showed some cross-reactivity. 



pronounced by the presence of serum albumin and separation un- 
der reducing conditions, we coupled anti-llama IgG to Sepharose 
for the purification of H chain Abs. Bound Abs from serum were 
separated on 4-15% polyacrylamide gels and visualized with 
HRP-coupled anti-llama IgG. The results (Fig. 4A) showed under 
reducing conditions a major band of —46 kDa in camljuMT and 
cam2juMT mice. A second, fainter, band of ~64 kDa is only seen 
in cam2/xMT mice. Cloning and sequencing of a 1.6-kb fragment, 
as compared with the normal 1.2-kb band, obtained from RT-PCR 
using V3FR1B (V H H) and 3'C H H3 oligos, revealed an aberrant 
splice product due to tandem integration of the construct, incor- 
porating an extra V H HDJ domain (supplemental Table I). This 
particular dromedary H chain is made up from V H HDJ-V H HDJ- 
H-C H H2-C H H3, which would add ~18 kDa to the normal size and 
explains the additional band obtained in Western analysis. How- 
ever, this band is not a product using the C H 1 exon as verified by 
RT-PCR. The samples separated under reducing conditions 
showed faint H and L chain background bands from IgG coupled 
to Sepharose due to leakage (38). A reason could be that the dif- 
ferent preparations of anti-llama Ig used for capture and visual- 
ization allowed some cross-detection, possibly enhanced by the 
sensitivity of the Western analysis. Separation of captured Ig under 
nonreducing conditions (Fig. 4A, right) revealed a major band of 
—91 kDa, which represents H chain dimers. There are two larger 
bands, one of -112 kDa and a much fainter band of -135 kDa, 
which are likely to account for different multimers. Although the 
separation suggests that the secreted dromedary IgG2a H chain Ab 
produced in cam mice is largely associated as H2 homodimer, it 
may also associate as H3 multimer and, depending on resulting 
transcription products, in extended (2 X 64 kDa) or unequal (46 + 
64 kDa) form. The longer exposure used to visualize H chain Ig 
products from caml/xMT mice is due to the lower levels produced 
(see Fig. 3). 

Because no endogenous Ig could be identified in serum from 
camjaMT mice, we conducted further Western separation on cam2 
mice bred into the normal mouse background. Serum samples were 
applied to the gel in different amounts to allow a meaningful com- 
parison. Figure 4B shows that no IgA or IgK could be detected in 
total cam2 serum, whereas significant amounts of dromedary H 
chain Ig remained as the only serum Ab. In summary, serum from 
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FIGURE 4. Western blot analysis of dromedary 
IgG2a. A, Serum Abs were captured by incubation with 
anti-llama IgG coupled to Sepharose, separated on 
Ready Gels, and stained with HRP-conjugated anti- 
llama IgG. Reducing conditions (left) revealed a —46- 
kDa H chain band for cam2/xMT (from mouse a and b) 
and caml/uMT (which was visible after longer expo- 
sure), and an additional band of —64 kDa for 
cam2/iMT. The fainter bands of -26 kDa and -53 kDa 
in all of the samples are the result of leakage of the 
Ab-coupled Sepharose (38) and cross-reactivity of dif- 
ferent batches of anti-IgG, which contain IgG them- 
selves. Samples separated under nonreducing condi- 
tions (right) revealed a major band of -91 kDa (H2 
configuration) for caml/nMT and cam2/j.MT. Addi- 
tional bands found for cam2/j.MT of ~112 kDa and 
— 135 kDa may represent other multimers. Negative 
controls to affirm the specificity of the detection were 
anti-llama IgG-coupled Sepharose incubated with PBS, 
normal mouse (NM), and jaMT serum. B, Total serum 
in 10-fold dilutions from cam2 in the normal mouse 
background and NM was separated under nonreducing 
conditions. Detection with anti-A and anti-K did not 
identify associated or residual L chain in cam2 mice, 
whereas development with anti-llama IgG showed the 
expected dromedary H chains. The filter was stripped 
between reactions. Detection with anti-K necessitated a 
short exposure because of the strong NM signal. How- 
ever, even longer exposures did not reveal any L chains 
in cam serum. The sizes of the marker bands are 




non-reduced 



cam/xMT or cam2 mice did not reveal any free or differently as- 
sociated L chain by identification with anti-L chain reagents in 
ELISA and Western blotting, which showed that camelid H chain 
Ig can be exclusively produced in a mouse. 

Progression of B cell development in bone marrow and spleen 
without L chain 

A central question was how B cell development could progress in 
mice that express H chain Ig without L chain. Row cytometry 
analysis of bone marrow cells (Fig. 5 left) from normal, pMT, and 
caml/nMT mice showed quite similar levels of pro- and pre-B 
cells, c-ftr + B220 + , and CD43 + B220 + , which are increased in 
cam2/xMT mice (10% compared with 5% in normal mice or 4% in 
juMT mice). The reduced level of immature B220 + CD43~ B cells 
in camlttMT mice, 2% compared with 46% in a normal mouse, is 
barely detectable. However, cam2/xMT mice, the low copy num- 
ber but high expresser line, showed good recovery of the B lym- 
phocyte population (14% compared with 46% B220 + cells), which 
suggests induced B cell recovery by expression of the dromedary 
H chain gene. The effect is more dramatic in the spleen of 
cam2piMT mice (Fig. 5, right), where recovery of mature Ab- 
producing B cells reached about half the normal levels as shown in 
stainings with anti-CD21/35. Only poor recovery, 1.1%, is found 
in caml pMT mice in concordance with the low level of expression 
found in this line. There is no expression of mouse IgM or Ig« or 
IgA (data not shown) L chains. In the experiments, age-matched 
3-mo-old mice were used. But very similar results were obtained, 
in flow cytometry, ELISA, Western, and PCR detection, when sep- 
arate and parallel comparisons of 3-mo-, 6-wk-, and 6-10-mo-old 
animals were conducted. These results show that introduction of 



the dromedary H chain gene reconstitutes B cell development in 
the pMT or IgM-negative background without a requirement for L 
chain. 

The H chain BCR signals exclusion of endogenous Ig 
The purpose of crossing the dromedary H chain transgenic mice 
into the iiMT background was to visualize H chain production 
without interference of mouse Ig. Initially, this was important, be- 
cause the Abs that recognized the dromedary y2a H chain cross- 
reacted with mouse Ig (see Figs. 3, and 4A). However, from the 
detailed analysis of the cam/xMT mice and serum Ig comparisons 
with cam2 mice bred into the normal mouse background, it became 
clear that dromedary H chain was well expressed and that B cell 
development progressed without L chain production. These results 
prompted further investigations to determine whether Ag-specific 
H chain Ig could be expressed on the cell surface and in the cy- 
toplasm solely on its own or whether expression was accompanied 
by endogenous H or L chain polypeptides. Staining of bone mar- 
row and spleen cells from cam2 transgenic mice with labeled HEL 
showed the presence of the Ag receptor on the cell surface of 
B220 + cells (Fig. 6A). Binding of HEL was conducted in parallel 
using cells from MD-4 transgenic mice, which express HEL-spe- 
cific Abs of high affinity (39). Although prominent surface staining 
with HEL was achieved in cam mice, the intensity was reduced 
compared with that of the MD-4 mice, perhaps due to low H chain 
density or reduced affinity. Receptor expression was not accom- 
panied, even in the normal mouse background, by surface expres- 
sion of endogenous IgM or IgL. Because this did not rule out the 
presence of endogenous Ig intracellularly, for example by chaper- 
one retention, we used cytoplasmic staining. The results in Fig. 6B 
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FIGURE 5. B cell development in 
mice expressing H chain-only Abs. 
Bone marrow {left 3 rows) and 
spleen cells (right 3 rows) from nor- 
mal mice (NM), juMT, camljxMT, 
and cam2juMT mice were stained 
with Abs against B cell differentia- 
tion markers. B220 served as a uni- 
versal B cell marker and in combina- 
tion with c-kit, and CD43 identified 
pro- and pre-B cells, which were 
well maintained in caml/uMT and 
cam2/iiMT mice. IgM is only ex- 
pressed in normal mice, but 
cam2/xMT mice showed good recov- 
ery of immature B220 + cells, which 
are lacking in juMT and caml/uMT 
mice. Near normal levels of CD21/ 
35 + mature B cells were present in the 
spleen of cam2/xMT mice (25%), but 
no L chain was found. The histograms 
were chosen from one of six indepen- 
dent experiments with very similar re- 
sults, using ~3-mo-old mice. 




showed HEL-specific Abs without the presence of mouse Ig. Un- 
fortunately, some nonspecific background remains with this 
method (see Materials and Methods), which could point to residual 
mouse Ig expression at low levels. However, a similar background 
staining is found when using mice without endogenous C genes 
(3), reemphasizing that endogenous Ig levels are negligible. 



? equally well expressed in C„ locus 



H chain-only Abs a. 
deletion mice 

The findings that cam transgenic mice express dromedary H chain- 
only Ig in the absence of any mouse Ig chains and yet maintain 
appropriate levels of B220 + cells, raised the question of whether 
endogenous H chain genes may be important for the early devel- 
opmental stages. For example, pre-B cell development could be 
facilitated by VDJ recombination and endogenous H chain expres- 



sion (ju,, or 8 in the juMT mice) initially accompanied but later 
replaced by transgene expression. It has been shown that the in- 
troduction of a rearranged murine y transgene does not promote B 
cell development because joint expression with endogenous n is 
required (40, 41). This finding suggested that IgG could not re- 
place IgM, and it was speculated that their feedback signals to 
control B cell maturation must be different. To determine whether 
the dromedary -y2a H chain could be expressed without the help of 
other Ig genes, we crossed the cam2 mice with a recently derived 
line (CA~'~) where all constant region genes had been deleted (3). 
These animals cannot express any H chain isotypes. As can be seen 
in Fig. 6, A and B, cam2CA _/_ mice show the same level of B 
cells as cam2 mice and do not express any L chain. Indeed, it is 
worth noting that lymphocyte development, B cell levels, and Ab 
expression were very similar in cam/K.MT -/ ~, cam, and 
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FIGURE 6. Make-up of the sur- 
face receptor and cytoplasmic Ig in 
bone marrow and spleen of cam2 
mice in the normal mouse back- 
ground and cam2CA~'~ mice with 
removed endogenous C H locus. A, 
Identification of HEL-specific sur- 
face Ig plotted against B220 expres- 
sion in normal mice (NM), cam2 
mice, cam2CA _ ' _ and MD-4 (39) 
control mice (top), and stainings of 
(x-H and k- and A-L chain shown for 
the gated B220 + lymphocytes (be- 
low). B, Cytoplasmic stainings con- 
firmed the presence of HEL-specific 
Ig (top) and the lack of endogenous 
IgM and L chains in B220 + cells 
from cam2 and cam2CA~ /_ mice 
(below). The stainings show that 
bone marrow and splenic B220 + 
cells from mice carrying the drome- 
dary H chain transgene express HEL- 
specific Ig not accompanied by en- 
is IgM or L chain. 
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camCA _/_ mice, which established that the dromedary H chain 
transgene promotes B cell development independent of or ex- 
pression of other endogenous H and L chains. Expression of HEL- 
specific H chain Abs on the cell surface suggests H chain associ- 
ation without L chain in dimeric or multimeric form. Such 
association presents a new type of BCR, with the capacity to ini- 
tiate B cell development independent of conventional Ig 
expression. 

Endogenous H and L chain loci are rearranged and transcribed 
The lack of endogenous Ig expression suggested that the H chain 
BCR elicits the appropriate signals to prevent endogenous rear- 
rangements. However, when analyzing bone marrow and spleen 
cell DNA from cam2 mice by semiquantitative PCR, we found, 
apart from the expected D-J H bands, similar levels of V H DJ H and 
VkJk rearrangement in cam2 and normal mice (Fig. 7). Using 
forward oligos representing different V H gene families, JS58 and 
7183, gave a clear indication of diverse rearrangements in the 
cam2 mice, but we cannot completely rule out that endogenous 
V(D)J rearrangements are detected in B cells that have lost trans- 
genic expression of the dromedary H chain. Hybridization with a 
full-length J558 V H gene further confirmed the similar levels of 
VDJ rearrangement in cam and normal mice. The obtained PCR 
fragments were of the expected sizes (3, 35). In the experiments, 
DNA from RAG2 _/ ~ tissues, used as a negative control, showed 
some background amplification. Such background was not seen 
when, for example, mouse embryonic stem cell DNA was used for 
V H DJ H amplification (data not shown). Different RAG2 _/_ mice 
sources and DNA preparations did not prevent this but always 
showed a much reduced signal compared with cam2 and normal 
mouse DNA. However, because we did not see any background in 
RT-PCR using RAG2 _/ ~ RNA, this could indicate a low level of 
nonproductive recombination products. Using lamin Bl as refer- 
ence (3) for the semiquantitative comparison using serial dilutions, 
we found no indication of reduced levels in the cam mice. Control 
reactions conducted in parallel using normal mouse DNA for 
dromedary H chain amplification and dromedary V H H-Cy2aTM 
plasmid DNA for mouse V(D)J PCR did not result in nonspecific 
bands (data not shown). 

To our surprise, RT-PCR signals, reflecting RNA levels, were 
also very similar in cam2 and normal mice. To assess whether the 



V558-J H RT-PCR bands from cam2 mice accounted for nonfunc- 
tional VDJ rearrangements or represented potentially productive 
transcripts, we cloned and sequenced the ~400-bp fragments (sup- 
plemental Table II). Sequence comparison established that fully 
functional and diverse murine V H DJ H transcripts were produced in 
cam2 mice. To investigate whether endogenous transcripts were 
only expressed in cells that did not produce dromedary H chain Ig 
or whether endogenous and exogenous transcription was jointly 
operative in the same cell, we separated B220 - and B220 + HEL + 
lymphocytes by flow cytometry (Fig. 8). Semiquantitative RT- 
PCR analysis of B220 + HEL + bone marrow and spleen cell RNA 
from cam2 mice showed extensive V558-J H and Vk-Ck amplifi- 
cation similar to those from normal mice. In B220 - cells, V(D)J 
transcripts were also well maintained, and certainly in the cam 
mice, there were no amplification differences. As this raised the 
possibility that the calculated purity, >95%, of the sorted cell pop- 
ulations may not have been reached, we used further RT-PCR to 
identify surrogate L chain transcripts. With VpreB and A5, surro- 
gate L chain polypeptides are well expressed in B220 + bone mar- 
row cells, but no expression is found in the spleen (Refs. 9, 1 1, 42, 
and refs. therein). This was exactly what we found and provided 
reassurance of the purity of the analyzed cell populations. A com- 
parison of sorted B220 + and B220 - bone marrow and spleen cells 
from cam2 and normal mice showed no difference in transcription 
levels of the surrogate L chain (Fig. 8). Expression of surrogate L 
chain in bone marrow but not spleen B220 + lymphocytes from 
cam mice was independently confirmed by cytoplasmic staining 
with anti-A5 (data not shown). Control reactions (Fig. 8C) using 
cDNA prepared from bone marrow and spleen cells of RAG2~ /_ 
mice, bone marrow cells from SL (surrogate L chain triple knock- 
out (KO)) -/ ~ mice (42), and DNA from normal mouse spleen cells 
confirmed the validity of the RT-PCR. The lack of VpreB and A5 
transcription in mature cam2 B cells rules out that dromedary H 
chain expression relies on the presence of surrogate L chain. 

Our comprehensive analysis of intra- and extracellular expres- 
sion of endogenous murine Ig revealed that very small amounts, if 
any, were retained in the cell. This may mean that either no trans- 
lational products were being produced or that there was rapid deg- 
radation. Staining with anti-L chain confirmed a lack of endoge- 
nous Ig. In addition, we did not identify dromedary H chain 
transcripts in other nonlymphocyte tissues (data not shown). In 
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FIGURE 7. DNA rearrangement of endogenous H and L chain genes is maintained in cam mice. V(D)J recombination in bone marrow and spleen cells 
from normal mice (NM) and cam2 mice was examined by semiquantitative PCR using combinations of D-J H , V558-J„, V7183-J H , and Vk-Jk primers. The 
DNA starter concentration was ~10 ng followed by three further dilutions, 10 _l , 10~ 2 , and 10~ 3 , each. RAG2"'~ mice served as a negative control, and 
amplification of lamin Bl permitted normalization. Hybridization of blotted V558-J H amplifications with a J558 V H gene probe confirmed the specificity 
of the reactions. Bands of the expected approximate sizes, 400-800 bp for V H DJ H and 200-400 for V K J K , depending on J segment usage (3, 35), were 
maintained in the cam mice. As a size marker, 100-bp ladders were used with the 600-bp band of increased intensity marked by an arrow, followed by a 
100-bp size increase above and decrease below. For the J558 hybridization, 600 bp is marked by a normal arrow, and 400 bp is marked by a small arrow. 
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FIGURE 8. V(D)J transcription is 

and splenic lymphocytes from cam2 
and normal mice, stained for B220 
and HEL binding, were sorted by 
flow cytometry to >95% purity. 
RNA was produced from 10 5 -10 6 
sorted cells, and equal amounts of 
cDNA from ~5 X 10 3 cells were an- 
alyzed in parallel by PCR in succes- 
sive 10-fold dilutions. Oligo combi- 
nations of V558-J„ and V K -C„ 
determined the level of Ig transcrip- . 
tion, A5 and VpreB examined the de- 
velopmental stage of the cell popula- 
tions, and lamin provided an 
independent reference of the cDNA 
concentrations. A, RT-PCR analysis 
of gated bone marrow and spleen cell 
populations, B220", B220 + , and 
B220 + HEL + , from cam2 mice. B, 
B220~, B220+ cells from normal 
mice. C, Control reactions using RT- 
PCR analysis using tissue from sur- 
rogate L chain KO mice (42) and 
RAG2"' - mice, and PCR using nor- 
mal DNA, which confirmed the size 
difference of the genomic products. 
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conclusion, this suggests that cam transgenic mice express the 
dromedary H chain-only Ab without association or attendance of 
significant amounts of endogenous Ig. Nevertheless, it may be pos- 
sible that the transgene can only be expressed after endogenous 
V(D)J rearrangement has been completed. However, dromedary H 
chain expression in CA _/_ mice, which do not express rearranged 
H chains without C region (3), rules out that B cell differentiation 
is driven by endogenous IgH expression. The results show that 
endogenous H and L chain genes, despite being fully rearranged 
and transcribed, are excluded from expression at the translational 
stage by a feedback signal originating from a H chain BCR without 
L chain. 

Discussion 

Introduction of a rearranged dromedary H chain gene into the 
mouse germline showed that Ag-specific H chain-only Abs could 
be correctly expressed, without the C H 1 domain, and assembled as 
multimer. H chain Ig was secreted and also presented on the cell 
surface, which led to progression in B cell development. Expres- 
sion of H chain IgG might exclude translation of endogenous H 
and L chain polypeptides, which established a BCR without L 
chain association. 

The rearranged H chain expressed in transgenic mice was con- 
structed with no alteration that would favorably bias expression in 
mouse B cells. Thus, secretion and surface expression of HEL- 
specific H chain Abs in a heterologous system established that 
RNA processing, H chain assembly, and cellular transport use 
commonly recognized signals provided by the dromedary V H H- 
y2aTM construct. The likely reason why dromedary H chain Ig 
can be expressed in the mouse seems to be due to two gene ad- 



aptations in camelids, not found in other jawed vertebrates. Their 
V H H genes are distinct from conventional V H genes; they accom- 
modate changes in key residues normally in contact with the V L 
domain in the Ag binding site of conventional Abs (16). Appar- 
ently, neither the V H H hallmark amino acids, nor the presence of 
a long CDR3 loop of 24 aa, caused folding problems (43). Nev- 
ertheless, the genomic organization of the V H H genes (i.e., pro- 
moter, leader signal, intron, V-exon, and recombination signal se- 
quence) is otherwise remarkably similar to that of the conventional 
V H counterparts (44). It has been reasoned that V H H genes have 
recently evolved from conventional V H genes after the emergence 
of the Tylopoda (>50 million years ago), which makes it likely 
that both types are accommodated in the V gene cluster of the H 
chain locus (44). This is supported by the observation that both the 
V H and V H H gene segments appear to rearrange to the same D and 
J H gene segments to form either a conventional Ab or a H chain 
Ab (21). The other adaptation concerns a subset of their Cy genes 
(24, 25). It was proposed that in these genes, a point mutation at 
the canonical splice signal sequence might cause the excision of 
the first C region domain (24). Although the precise mechanism is 
not known, this removal seems to permit assembly and secretion of 
homodimeric H chains (20). Interestingly, accurate and highly ef- 
ficient removal of the C H 1 -containing sequence from the RNA 
transcript of H chain genes appears to be performed with equal 
efficiency in camelids and transgenic mice. Neither in the drome- 
dary nor in our transgenic mice could y2a H chain genes with 
retained C H 1 exon be identified by RT-PCR and sequencing. Thus, 
the removal of the C H 1 exon appears to be essential to permit 
expression of H chain Ig. However, exclusive H chain-only Ab 
production in camelids was predicted to involve interaction with 



The Journal of Immunology 



3777 



species-specific cellular factors important for the expression of H 
chain Ab genes, processing of their transcripts, and the assembly 
of the translation products into functional Ag binding entities (45). 
For this reason, it was unexpected to see that a heterologous sys- 
tem produced functional H chain Abs at quite respectable protein 
levels. This suggested that intrinsic alterations of the dromedary H 
chain Ab are well recognized and dealt with by the mouse B cells 
and that dromedary-specific factors are either not essential or can 
be bypassed by the mouse transcription, translation, and secretion 
machinery. 

The C H 1 domain participates actively in the regulation of the 
assembly and secretion of conventional H2L2 Abs via association 
with BiP (26-29). A lack of C H 1 is likely to permit unhindered 
transit of the H chain polypeptide through the endoplasmic retic- 
ulum to allow secretion and appropriate surface deposition. Fur- 
thermore, the loss of BiP association may also prevent degradation 
of the H chain. H chains with the long hydrophobic transmembrane 
region anchor in the lipid bilayer, whereas the short hydrophilic 
C-terminal region of secretory form H chains ensures their release 
from the cell in the absence of associated BiP. The importance of 
the C H 1 domain is well recognized because hybridoma or my- 
eloma cell lines harboring Ig genes with deleted C H 1 exon retain 
the ability to secrete homodimeric H chains without associated L 
chains (46, 47). In heavy chain disease, truncated H chains are 
readily secreted without L chain (17, 48). For the dromedary H 
chain, not being dependent on IgM expression may allow the ex- 
pansion of a different lymphocyte subset, which may be able to 
restore normal B cell development. Extensive levels of B220 + 
cells, some with dendritic cell characteristics, have been found in 
bone marrow and spleen (49) and may be maintained in the drom- 
edary H chain mice. Alternatively, expression of the rearranged 
dromedary H chain gene could facilitate progression in B cell de- 
velopment to a mature stage without the differentiation stages from 
pro- to pre-B cells (B220 + CD43~ cells in Fig. 5). In this context, 
it is notable that staining of camel lymphocytes for Ig H and L 
chain on the cell surface has been attempted but did not unambig- 
uously demonstrate surface IgG H chain-only expression. A reason 
for this may be that the staining reagents raised against ruminant Ig 
fail if there is broad epitope diversity (50). Despite this setback, 
camelids readily produce Ag-specific Abs in H2 and H2L2 con- 
figuration, and there is no indication that mixed molecules are 
expressed (16, 51). Unfortunately, there is no information about 
pre-B cell development in camelids or whether an H chain without 
C H 1 can associate with a surrogate L chain to form the pre-BCR 
necessary to progress B cell development. However, from gene 
targeting studies in the mouse, it is clear that B cell development 
without surrogate L chain can progress (42), whereas B cell de- 
velopment without L chain is blocked after H chain expression and 
maturation up to the immature B cell stage (4). 

The various Ig classes seem to form distinct oligomeric BCR 
complexes, which may differ in their threshold levels for BCR 
signaling (Ref. 52, and refs. therein). For example, the IgG 
BCR complex, in contrast to the IgM or IgD BCR complex, cannot 
give an efficient positive selection signal. Perhaps, contradictory to 
expectation, the H chain BCR may be able to provide an adequate 
differentiation and proliferation signal to secure survival. In trans- 
genic mice carrying rearranged conventional H chain genes (/*, 8, 
y, or a), feedback inhibition can prevent DNA rearrangement of 
the endogenous IgH locus (References 53-55, and references 
therein). However, the expression of the transmembrane form of 
introduced Ig transgenes does not necessarily prevent DNA rear- 
rangement of the endogenous loci to secure allelic exclusion (56- 
58). It has also been shown that y2b transgenes are coexpressed 
with endogenous ix, and that y2b cannot by itself promote B cell 



development in the ju, KO background (40, 55, 59). The few mature 
B cells that do develop in the transgenic mice express both en- 
dogenous n and transgenic y2b, and in addition, L chain is ex- 
pressed. Although these experiments show that B cell development 
is critically dependent on signaling of a ;u,-H chain associated as 
BCR, there are exceptions. In a particular y2b transgenic mouse 
line, it appears that transgene expression by itself can promote B 
cell maturation and allelic exclusion, possibly by expanding a par- 
ticular B cell subset (55). In separate founders, most likely carry- 
ing a y2b transgene integration at diverse chromosomal locations, 
it was discovered that alternative expression pathways were used, 
maybe dictated by different expression levels. Despite these con- 
tradictory results, which may largely depend on site of integration 
and copy number of particular IgH transgenes, the overall conclu- 
sion from transgenic IgH mouse studies is that B cell maturation 
can progress, but the developmental state of the lymphocytes ap- 
pears to be critically dependent on the onset of (endogenous) p 
expression. This was not seen in the cam mice, where even in a 
normal mouse background, IgM expression was prevented without 
causing developmental cessation. 

The two cam transgenic lines we describe in this study, derived 
from independent microinjections, are most likely to carry the 
transgenes at different chromosomal sites. Despite this and the low 
H chain expression level in caml mice, developmental progression 
is very similar. The recent finding that, in the mouse, entire fi-H 
chains can be transported and expressed on the surface of pre-B 
cells without associated L chains (9-1 1) contradicts previous dis- 
cussions that free H chain polypeptides are toxic and that they have 
to be neutralized to allow progression in B cell development (Ref. 
60, and refs. therein). The observations may be compatible if lower 
H chain expression levels in early B cells are taken into account 
and if apoptosis, which may be induced when insoluble (accumu- 
lated) H chain complexes damage the cell, occurs at a later dif- 
ferentiation stage. The lack of L chain in the cam mice must be the 
result of the failure of the dromedary H chains to associate with L 
chains, which arises from the difference in important residues in 
V H H genes compared with V H genes (44). Prohibited L chain as- 
sociation may act as a feedback signal that stops L chain transla- 
tion. This would be in agreement with the observation that in 
healthy individuals, H chain expression balances L chain synthesis 
to accomplish equimolar levels (61). In the dromedary H chain 
mice, which are perfectly healthy, the induced lack of L chain may 
prevent expression of endogenous H chains, which, if not re- 
moved, could be toxic for the cell. In addition, this emphasizes that 
the introduced dromedary H chain appears to be fully active in 
securing allelic feedback, albeit at the very late translational stage, 
which still allows productive DNA rearrangements and transcrip- 
tion of potentially functional endogenous H chains. 

The presence of the BCR is essential to govern B cell survival 
and differentiation (62). Thus, H chain Ab deposition on the cell 
surface is of key importance for the formation of the H chain Ab 
repertoire (63, 64). The formation of H chain Abs in camelids is 
decided by rearrangement of a V H H gene to commonly used D and 
J H segments (44) and (switch?) recombination to a Cy gene that 
permits the removal of C H 1 (22, 24). We speculate that transitory 
surface expression of /j,-H chain without L chain association, as 
described in the mouse (9-11), may also occur in camelids, and 
perhaps, unlike in mice, may facilitate successful switching and 
expression of H chain IgG isotypes with their particular V genes, 
which do not tolerate association with L chain (15, 16, 23). Ex- 
pression of the membrane form strongly suggests the presence of 
memory B cells for H chain Abs in camelids. Such cells would 
undergo an Ab maturation process, leading to H chain Abs with 
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improved affinities for the Ag. The finding of extensive diversifi- 
cation of H chain Abs (21), but the failure to detect an IgM isotype 
without L chains in camelids (22, 23), has unexpected implications 
for H chain Ab ontogeny because it questions the involvement of 
ix + B cells bearing conventional IgM as precursors of H chain 
Ab-producing cells. For this reason, it becomes important to reas- 
sess the developmental progression of B lymphocytes, which can 
express H chain Abs. The successful generation of transgenic H 
chain Abs paves the way for the creation of single-chain reper- 
toires in the mouse by introduction of modified V H genes and 
splice site mutation in a 7-H chain gene. Retention of V gene 
variability allows recognition of novel epitopes regarded as poorly 
accessible by conventional Abs and provides the advantage that 
single-chain binders are not dependent on successful V H /V L 
pairing (16). 
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